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THE SYSTEMS PHENOL-GLUCOSE-p-PENT- 
ACETATE, PHENOL-CELLOBIOSE^a-OCT- 
ACETATE, AND p-NITROPHENOL-CELLO- 
BIOSE-a-OCTACETATE. 

By Ralpii J. B. Marsdkn, Jamks M. JUinukidge anu 
Alfred Morris. 

Received 2ist Aiignsl^ 19.42. 

Il hns been sui^eslccl by one of us ^ that the bwcIIiiiR action of plitiiol 
on cellulose acclatcs is due, in piirt at least, to the lonnntion of a hydrogen- 
bond complex l)eiW(‘eii the phenol and the cellulose aretato. llnior- 
tunalely the nature ut cellulose acetates prevents this point being tested 
directly by any ot the usual criteria for compouml formation, and 
though there is evidence Irom infra-red absorption measurements of a 
hydrogc'n-bond compound between phenol and ethyl acetate ® the 
similarity between t*thyl acetate and a cellulose acetate is not very 
pronounced, and the evifleiicc is again not very direct. 

An attempt has therefore been made to Till this gap by examining 
by meaiiB of freezing-point dotcrmin.ilions the phase relationships 
existing between phenol and /)-nitrophunol on the one hand, and ghieose- 
j8-pontacetate ami ccllobioHo-a-octacclate on the other. These last 
two compounds were chosen as being readily charactcTisablc, reasonably 
accessible, and to bo regarded us the two lowest members of the cellulose 
acetate scries. 

The system phenol-glucosc-j8-pentacetate resolved itself into a simple 
two component system with a single eutectic. There was no hint of 
anytliing which by phasc-nde critena could be interpret ed as indicating 
any compound fonuation. 

Results for the sjrstemfa containing cellobiosc-a-octacotato were not 
so simple in interpretation, as undoubtedly some decomposition took 
pIa«H* tit the higher lempemluros, hi the cstor-rich mixtures, though 
this WtiH mininuHcd, especially when ^-nitroplicnol was being used, by 
melting the plionul first and adding tlic ester to it. While not so un- 
,imbigu()us as that involving the glucose ester, the a3njtcm phenol- 
rellobiose ortacctate is also apparently a simple one; certainly there 
is no strong evidence of cfinipound lorination at any of the aimt>lcr 
nitios. The CHtor-rlcli side ol the system is not quite so certain as tlio 
re.st of it, owing to the sliglit amount of decomposition mentioned. 

Because of its greater swelling activity towards cellulo.se ucoUte 
and the theoretical grounds for bolieviiig it to be more prono to form 
hydrogen-bond comploxcs than phenol, p-nitrophonol was also in¬ 
vestigated.^ With collobiosc octacctate there is definite ovidesnee for 
at least two compounds of nitrophcnol-ostcr ratios 2 :1 and i: 2, though 
incipient decomposition -again makes the ester-rich side of the system 
somewhat unreliable at liigh tomperatua^s. Of those two compounds, 
the one formed from two nitrophcnol molecules and one ester molecule 
can certainly be explained by a hydrogen-bond structure, and it is also 
the compound for whose existence the evidence is most precise, 

^ Maxsden and Utquhait, SUrU^ M&m,, 1042, 18, xai; or J, T$9iL 
Inst , 10^2, 33f T103. 

* Gordy and Nielson, /, Chem* Physics, 1938, 6, X2, 

I 



2 THE SYSTEMS PHENOT^iMrrOSli>-j5-*PKNTACETATE, ETC. 

TABLE I, 

TnK System Pin-N0L^LTJC0RR-j3-l*ENTACKrAn:. 


Weight 

(omi^iohiliinn %phou()l 

lOO'O 

«o-,i 

77-0 

70M 

<i 5-2 

50-2 


MnUnrubir „ „ », 

KK)*0 

ifj-n 


<K >*4 

88*7 

.S,-8 

82-0 

Fm*dng |H)int ® C. 

41-05 

J «-«5 


25-0 

T«-S 

7 -*» 

»*15 

WotRlll 








comtx)i«itlon % phenol 

5 r*<>* 


41-0 

J.v«> 

20-5 

10-2 

t»Ml 

Molwular „ i> 

81-H 

81-0 


<) 7 -o 

517 


0-0 

breezing point 


^*05 

50-25 

50*0 

« 7-5 

115*2 

151-8 


* Synthetic mixture of eutectic composition predicted by the oUior results. 


TABLE IL 

TriB System J?nJuiOL-CEixoBiosB-a-OcTACETATE. 


Weight 

composition % phenol 
Molecular „ », »i 

freezing point 

too-o 

zoo-o 

41-05 

73-0 

95*0 

a8-55 

6o*2 

91*5 

16-7 

56-0 

90-2 

27-15 

131 

105*55 

30*3 

75*0 

i08*6 

18-4 

62*0 

203-2 

Weight 

composition % phenol 
Mdeoulax „ »• » 

Freezing point 

11-3 

5a*o 

213-6 

7-0 

35*4 

320-75 

4-6 

26-0 

222*75 

3*5 

20-7 

221-75 

9*8 

224-5 

0*0 

0-0 

227-75 



TABLE in. 

TSOB SySTBM ^NlXROPBBNOL-CBLLOBlOSB-a-OCTACBTATE. 


*Woifiiht composition 

too-o 



83*6 

76-4 


.61*9 

\ 

SB'S 

% nitroplionol 
Mob^lnr composition 


95*4 

89*6 

69*4 

% nitrophonol 

100-0 

9<)*o 

97*5 

196*5 

94*0 

91*0 

88*8 

87-3 

Xmezing x^t • 

Weifi^i composition 

n3-83 

113*85 

iic-4 

xo8*4 

io4>8 

38'9 

98*8 

91-u 

26*0 

91*0 

M^culaTC^^)^iion 

M-6 

52-8 

50-3 

45*9 

»9‘9 

25*9 


% nitrophonol 

8S--| 

8<|*5 

83*1 

8o*5 

75*7 

67-5 

03-2 

63-0 

Freezing point . 

Woigfhi composition 

08*8 

107-8 

ttO -4 

I33*« 

157*4 

6*4 

173-8 

6*0 

167-4 

152-0 

4-8 

24-4 

22*9 

I9*T 

13*6 

S-5 








% nltrophenol » 

6X-4 

59-3 

53*0 

43*5 

31*0 

24*0 

22*4 

197 

Freezing point **C, . 

150*0 

133*5 

173*0' 

200*5 

210*4 

203*5 

207-5 

208-4 

Weia^t composition 
% sdtrophenol 
Moleculnr composition 

4-3 

3*6 

3*5 

3*2 

2*4 

2*2 

17 ' 

1 

0*0 

% nltrophenol 

177 

15*3 

15-0 

14*0 

10*9 

lO-O 


0-0 

Freezing point X, . 

209-4 

2X2*5 

198-3 

205*0 

2x4*0 

212*5 


227-73 
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Formulation of the other compound is much more difficult, but scarcely 
affects the s^ument on which it was hoped that this investigation 
would shed light. 

It docs thus appear that under favourable conditions complexes can 
be formed between phenols and members of the celhilosc acetate series. 
Whether such complexes are due to the exist once of hydrogen bonds is 




of course not proved, but thw can most reasonably bo formulated upon 
such a hypothesis. Although this clarifios matters to some extent, it 
does not dispose of the problem as to what degree of association between 
two molecules is to be defined as “ compound formation," as it seems 
probable that association which‘is definite from the standpoint of infra* 
red spectra is not nocessarily definite enough for it to be manifest from 
freezing-point data. 




4 THE SYSTEMS PHENOI^LUCOSEHS-rENTACETATK, ETC. 

Experimental. 

Preparation of Materials. 

Glucose-jJ-])ent acetate wan pre^mroil Ironi pure glucose (“ f(»r intra- 
vt'nous uso“) by treatment Avilh ac(*tic unhydride and tu.sed Kodiuni 
acetate. The pnicluct ^va8 re-crysfalliKod irnni alcohol, in.]). 13 
(corr.). 

CeUol)k»hc-a-<K:tivcetalo Wtis prcpareil Ironi (iU(»r pa]X‘r at'covding to 
the method of Haworth and Hirst,** th<‘ prodmrt l)cing recrysUdliscsi 
8uccossivoIy Irom alcohol, wopropyl ac'ctate, «ud alcohol containing a 
little dilute aqueous ammonia to ensure complete frmlorn Innn tnic<« ol 
sulphuric ewad. M.p. 22775® C. (corr.). 



Both these eaters were rcci^vored from melts with plienol by corofol 
extraction ol the phenol with largo quantildcs of dilute aqueous ammonia, 
the solid ester residue being repeat^y recrystallisod from alcohol imtU 
a constant melting»point was obtained. 

Phenol was used directly from a freshly opened botUe of Plumol 
40/41® B.P. Detached Crystela ” supplied by May & Baker, Ltd. M.p. 
found 41-05® C. (coir.). 

;/>-Nitrcnphenol was purified from a commercial sample by recrystallisa^ 
tkm from hot distilled water containdiur a trace of hydxoohloric add, the 
product being dried on a porous tile. M.p. xis*8*i** C. (corr.). 


•7.0,5., 1921,197. 
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Freezing Point Determinations. 

These were douo in the usual Beckmann apparatus, with the precaution 
oX passing a gentle stream of dried air into the centre of the tube can:3dng 
the stirrer, with the object of preventing the ingress ol moisture. For 
freezing points above n)om temperature the apparatus was used with 
one air jacket and a draught shield, but when freezing mixtures were 
required a second air jacket was add^ and the draught shield dispoasod 
with. 

Owing to the limited supplies of materials available, many oC the 
mixtures were made up by dilution of a previous mixture by the apporopriato 
compound, but entirdy fresh mixtures were made up in any case where 
decomposition was suspected. 

The values of freezing-points given in the tables of results are the mean 
of the results obtained irom at least two cooling curves obtained with each 
individual mixture. All temperatures are corrected for emergent stem 
errors. 

These results are illustrated by Figs. 1, 2 and 3. 

While these results are not quite as complete or conclusive as had been 
hoped, it has not been deemed proiltable to pursue the matter further 
under present circumstances. 

r/w British Cotton Indiisiry Research Assocn. 

Shirley Institute^ Didsbury^ Manchester. 


THE HYDROGEN BOND AND THE HYDRATION 
OF ORGANIC MOLECULES. 

By L. A. K, Staveley, J. H. E. Jeppes, and J. A. E. Moy. 

Received 2 nd October, 194-2. 

In the steady development in recent years of the tlieory of the solu¬ 
bility of non-elcctrolytcs relatively little attention has been directed to 
binary liquid systems one component of wiiich is water and the other 
an organic substance. It has long been recognised, of course, that the 
strong tendency of water molecules to associate with one another through 
hydrogen bonds is primarily responsible for the small mutual miscibility 
of water and many organic solvents, and that other factors usually play 
by comparison a secondary port. Such factors are the nature of the 
field of force surrounding the organic molecule, its polarity and polaris- 
ability, and its shape, in so far as this will affect the packing of tlie 
molecules in tlio liquid into which the water molecules arc to be insortod. 
If, however, the molecules of the organic substance contain atoms or 
groups possessing some specific attraction for water, tlie miscibility of 
the two liquids is greater than it would be in the absence of those atoms 
or groups. Sometimes such hydration of the organic substance may 
produce a new type of molecule. Thus, a carbonyl compoimd might 
form a hydrate containing the group >C(OH)a. But a more general 
possibility is that the two molecules become linked by a hydrogen bond, 
the bonding hydrogen atom being provided in some cases by water, 
in others by the organic molecule. Tho influence which such hydrogen 

SoMAlity, Bxaahhold Publisbing Coxpn., New York, 1936, pp. 140, x66; 
Science, 1936, 83, 2X. 
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THE HYDRATION OF ORGANIC MOLECULES 


bond formation can have on the mutual miscibilities of water and 
organic liquids has been pointed out by Hildebrand.-^ I'hcbe solubility 
effects arc so pronounced when hydrogen bond formation is strong as to 
suggest that information about rather weaker association of this type 
might be obtained from .suitable solubility studies. 

The object of the experiments to bo described was to Invcstigato by 
solnMliiy moasureinents the association of water molecules with tlioso of 
organic substances oi various chomical t3rpes. Ndihor Iho solubilities of 
water m the pure organic solvents or the solubilities of the latter in water 
seem to afford satisfactooty criteria on which to base conclasious about the 
hydration of the organic molocules. The former measure the extent to 
which the rdativoly small water molecules can enter the rather loasely 
held structure of larger organic molecules, while the solubilities of the 
organic substances in water de^d on how easily the bulky organic mole- 
etdes can bo inserted in a somewlmt tightly held network of water molecules. 
The riiape of riie organic molecules and thrir propertiee other than any 
tendency they may have to form hydrates might therefore jplay rather an 
important p£^ in determiniiig the reciprocal solubilities with water and 
render it almost impossiblo to assess the extent of hydration if this were 
small. A naore satisfactory method of approach seems to be to measure 
the solubiliiy of water in dilate solutions of the varioua organic substances 
In a non-pokr solvent such as benzene, and then -to compare the initial 
increases in the solubility of water in benzene (expressed as a mole fraction) 

a ht about by these substances. The question of the sfnructuro of the 
organic compound does then not arise. The solubiliiy of water in 
boizene is small, and if we make the not unreasonable approximation that 
at a given temperature the concentration of the water present as such in 
a saturated solution is not affected by the presence of small amounts of 
a -third substance, then we may ascrite any increase in the solubility of 
the water to the formation of a hydrate of the added substance. Tlie 
ini-tial sk^e of the curve obtained by plotting the increase in the solubility 
of water against the concentration of -the ^ded organic substance may 
then be regarded as a measure of the fraction of the molecules of the 
organic sutetance which, in a vary dilate benzene solution saturated with 
water, exists in the form of h3rdrated molecules. These hydrated molocules 
are in equiUbiium with monomeric water moleonles, since water dissolved 
in benzene has been shown by freezing^pohit studies to be unassodated.* 
This method of studying -the hydration of organic substances has tlie 
further advantage that direct comparison can be made both with substances 
solid atordinary tmperaturos and fldao with those liquids with which water 
is misdble in all proportions. 

So far littLe work has been done on -these linos. Bell * has measured 
fche solubility of water in dilute solutions of mono*, di-, and tri*dih>racetio 
acids in benzene. Several ternary liquid systenos of which water and 
benzeim are components have 'bekax investigated, but the data for the 
solubility of water in dilute solutions of the third component ore usually 
scanty and rather inaccurate. In the experiments described in this paper 
the effect of six organic substances on the solubility of water in benzene 
was measured. The conmunds selected were anmne, dimethylaniline, 
azsisole, nitrobenzene, chloroform and bromobenzeoa. Benzene was 
chosen as the non-polar solvent os its physical properties make it particu- 
hudy suited to the experimental method used. In purticular, it appears 
to dissolve more water than any other non^lar Uquid (a point to be 
discussed more folly later), and the desired solubilities, though small, can 
accordingly be measured more aocuxately. 


* Peterson and Rodebxudi, Physic, Chem,, icaS, ax, 709. 

* Z, physih. Chcm, A, 1930, igo, zo. 
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ExporimentaL 

Tiio solubility of water iu b<*U3!ouo and in dilute benzene solutioim of 
the above-iiuMilioiUHl snlwtaiices wan dotmnined by the synthetic iimthcKl 
according to the pr<K;c<luro }ulopte<l by ClrohcUulfA Almut 50 c.c. of the 
benzene swdutinn wi^ro introdiictHl into a clean tlvy gUwvS tul>e about 3*5 
cm. in diameter with a narrow jnlel» a small amount of water wjw addocl 
irom a weight plindte, and the tulx^ at omu} soaleil olf. It was then 
aidiated at a Huiliciontly temix'raturc until all the "wtier had gmie 
init> solution, placeil in a IxitU ol water, and allowed to cool slowly. The 
temperature at which the l>ciizcne solution ms saluraiiHl with rcsix)ci to 
tlio aciueuus phase was taken to bo tluil at which oi^oscenco api)eared, 
rather tluui the temperature at winch tlic opalcscomuj disax>peared on 
wanning tlxo tube again, .since the aiiucous ijIkusc usually showed a Lendouoy 
soon after its appe.mniee to fonu a film on the walls of Uie <5ontaiiiing vessel. 
The tempt'raiuro at which ll)o clear liquid Ixjcamo opalescent was rojjro- 
ducible io within 0*3*^ C, 

llenzene was drietl over sodium wire until fresh wire remained un¬ 
tarnished over a period of sevcnil days, and then clisiillod either from 
sodium jmwder at irom a liquid sodtum-polassium alloy. Samples of 
benzene obbitnod in these two wtiys gave identical solubility resnlts. 
i^omobenzciie and chloroform wore driixl over phospliorus ixmtoxide, 
aniline and dlmethylanilino over jHilassiutn hy<lroxi<ie, aiul anisolo and 
nitroi)onz(4ie over miliydrous calcium chloride. All of tlioso ttul)Htances 
were fracUrniated after rlr3ring in an nll-gla{« ai)paratus, and thereafter 
kept out of contact with alnuyspheric luoistiiro. The dry l^enzone JUid tlio 
solutions made up from it wore x)rcHerved in ilasks closed with phosphorus 
pentoxido tubes. 


Results. 

Table i gives tlie values obtained for the solubility of water in benzene 
solutiouA of ilie six sulistancos studied, and iu t>onzcno itself. Each 
ftubstanoc was investigated at two concentrations. S is tlio number of 
grams of water dissolved at 7 "** C. by 1000 g. of a Ixmzono solution of the 
coucentiation a})Ociiiod. Thus, at C., 1000 g. of a solution containuig 
43*27 g, of nitrobonzone were found to dissolve o«5<)S g. of water, 

evorv solution studied and for bouzono alone, the bgarithm of the 
solubility of \mter wjis iound to vai'y linearly vdth the reciprocal of the 
abstduie temporalure within the limits of ex]xxrimenta 3 error. ].inos were 
fitted by tlio niotlxod of least sciuaros to ilie ocixaimoubd pohits plottixl in 
Hris way, and viduos for the soIuWllty of water at any desired lemjK'mture 
derived from tUetn. Table U gives tlie iiiternolatod values for tlie solu¬ 
bility uf water at 25** C, (oapre^l os nu)le fractious) iogeihor with the 
mean error for each vuliio. (The moan, error reprosonts tlxe average 
deviation of tlie individual points of the secieB concomod from the least 
S(j[uaro line.) 

The extrapolated value for the solubility of water in benzene at 20^ C. 
is 0*570 ± 0*007 g, per xooD g. solution. The xndre recent values for HlafB 
quantily are 0*608»; 0*601 •; 0*573 ^ 3 <^’55 * 3 0*53 •; 0*50.* The 
avexaga error In all our solubility detenmnati^ was about 2 %. 

EUhkochm,, xgxx, 17^ s^ld* 

*Hi]l, /. Amer, Chim, Soc,, 1923,45, X143. 

* lioll, /.C. 5 ., 1932, 2903. 

^ Kohpnbaum and Waltoui /. Afh 9 r» Chm. Soo^, 19301 5a, 3568. 

* Taroesoukow and Poloahiiusawa, Bsr., 1932,65^ x£|« 

* Miyake, Mm» Coll. Eng, Kv^shu Univ^t xg^i, 6f x. 



THE H'\7)RATI0N OF OROANIC MOLKCUT-KS 

TABLE I 


NiUntbciurup. 


Anilim. 

] 



*,«•, 1 frnu/ 

lHn*s gill / 

j«i*( 1 

XIHK) g»i. sum. 


IlMM) RUI 

L 11m* 

Kioilgtu. ohi. 

KKKI gn 

i) T 

vS 7' 

s 

r 

.s r 

.s 

0*598 *‘l*9 

0*6tX) 15*1 

1*227 

3S7 


0*910 

0*780 25'.| 

0*787 25*0 

1-4.111 

.('»■« 

*J’I74 ,V7 

I-.'H 

t' 07.1 syj 

1*083 31*2 

i* 58(> 

4 V'> 

.vm l.f't 

1*^78 

T-073 47‘5 

1*631 41*2 

2*282 

Sf5 

1-114 47-8 

r*87| 

2'3JI) Ol>*0 

2*X45 13*0 


7V(> 

5*tif)(> 7<j*o 

2*2(>0 

2-448 («-5 

•2*649 6l*0 



6*351 72*6 



]htnothyl.»iilutp. 


Chlniolnniu 


Bromolirn/tac* 


46*45 «nW 

[OOO gllL. bom. 


S 

0*607 
1*020 
1*198 
1*683 

3*204 I 39*5 


3.’0*igHu/ itfl'ifpiw i00*^giu/ Iivipn./ if>|*7gui./ 
oogiu. sow. KICK) gm. sou. xoou gm. kiIu. khhi gm. smIu xooogn\.*<)iu. 



1 


33-8 

37-0 

0*838 

I' 2«5 


2*084 I 54 *() 


i‘839 57\5 
2*409 6t»*8 


T 

19*3 I 
37 '*! 
*I 5 M 


Siluliility ill 




TABLE Tl 


Mole Eractiou of 
added {^bstiiiuc. 


Sidubility nt Water 
{Mole I lactioa X zo*). 


Iwusi'i* mttiMnUiy 
nt Water (Mole 
I'Voflum X irt*). 


(Pair tieoxofla.) 


Niiroboluumo « 
AniUno . » 

Chlorolona 
BFomobonzoao . 
Anisolo . 


0*02781 

0*1000 

0*0*1239 

0 - 154.1 

0*06748 

o*iU)H 

0*03075 

0*1532 

0*07034 

0*175 

0*0856 

0*1398 


3*24 l 0*13 
3*03 I 0*10 
37-1 > o*«7 
8*97 I 0*23 
3*07 l O-iX) 

3*48 1 0*04 
3*05 I 0*11 
•2*98 1 0*07 
3*01 Jb 0*06 
3*12 ± 0*05 
3*42 ± 0*03 
3*82 ± 0*07 


6*25 1 o*iy 

0*94 I 0*20 

0*75 1 0*11 
5*t)H I 0*27 
0‘oH I 0*13 
o*4t> \ o»oH 
0*06 I 0*15 
•0*0/ I o*ti 
0*02 ± 0*10 
0*13 uo*ot> 
0*43 j 0*07 
0*83 1;0*JI 


Discussion. 

In iPig. I ace ]^tted the data given in Table II for anilinS) nitiobenzeae. 
anisole w dimmvlaniliine. The size of the ciroles round the points lor 
these suhstaoew gives the msginitade of the ejqperlnieintal enor in each 
case. The results for btomohensene and cbloirofOrffl have not been re> 
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prescnicd, siiioo, within Ihc limitn of ex]){»rimenial error, those suKsiance^ 
clearly liavc no cileci on Ihc solnhtliiy of water in benzono in tlie ccmconlra- 
tkm r»inj»e sluclitMl. The lif[uro also iiieliidcs the data in the liteniinre lor 
phetiol,^® inethvl aleohol,^^ ethyl alcohol/*^ ami acetic ocid,^* The ctirvi*s 
shown lor these sid^slanoos linve becMi dnivvn with due rei>ard for other 
ixniils wliirh, <in tlw' scale chosen, lio outside the lignre. Hell * lias 
iiieasimsl the solubility of imter in dilute ben/eiut soluluuis of nioiii>-, di-, 
and tri-chloriU‘etic acids. IHs n»sulls (not repri^senUnl in Kijjj. r) show 
Unit, tor .uetio acid, tliere is for oiich of jcids a liuwu* relation 

between the increase in tlu» solubility ol water and the 2icid conGcninvtioi). 
'rile line lKHJonu*s pnigrtssivcly more sl(H»p on jwssinjj from a( 5 clic to trb 
chloracelk aci<l, until with this husl siihstnnce the molar ratio ol theinca'a.so 
4 )f the Milubilily of water to the concentration of the acid is unity, 

t shows clearly liuit the compouiiils haviii|{ the 1ar^<st initial 
eflecth oil tlu* solubility of water in iKSizeue arc the hyclroxylic substances 
and aniline, that is comiKuinds containinj^ a hydrtifteu atom cjipablc of 
littkinfj the nuilt'cnlc* 
wit h <uio ot watei. 1 ( 
theretore appears 
tluvt Uydrofteii bonds 
iuvolviiif:; water mole¬ 
cules are sljonj*er 
wluMi tlie oKyf;en 
atom oi the water 
acts as an ncc<‘ptor 
lor the hydrof»oii 
atom ol the other 
molcKJulc, tJum when 
the bonding; hydro¬ 
gen atom is derived 
troni ll«> water mole* 
oule. It is iiiteresi- 
ing to note iliai: tlio 
solubility of %vaior in 
bonzeno is initially 
inci eased more by 
phenol ihaji by 
nu'thyl or ethyl alco¬ 
hol, 111 spile of the 
tact tlisit wai<*r and 
liquid plasiol are only 
l»artially mbscihlo be¬ 
low ()(/‘ (', Although 
the conditions for hydnigoii briml fortnntion Iwvo by no moans boon 
inrocisoly dtTnuMl, Uuiw ap^HSXts to 1 h> a rough patallelism botwoou tho 
acidity of a Imlrogeu atom and its roadlness to form such a lK>iid« The 
stronger asKociation liotwoon phenol and water than botwoon alcohol mole- 
culoH and water is thoroforo prowumubly <ltto to tlio grcalcar acidity of the 
phenol. This oompouml also hoe a larger initial effoot on the solubility 
of water in benzene than the etUl more acidic acetic odd. It muat be 
romemberod, however^ that oven at low concentrations acotio add in 
benzene is predominantly in the form of double ruolectdes, and tliough the 
exqporiments of Bell * indicate that both the single and double molecules 



Mm, CoU, Sci, Kyoto Vniv,^ 79x4, i, 49, 

Barbaudy, Compi, Rond*, 192C, i», ia79, 

Barbaudy, Rm, Ttao* Chim, Pays-Bas, 19^6, 4g, soy; Washhum, Hnizda 
and Void, /. Amer, Chm, 5 o<?., 1931, 63 . 3237. 

“ /• CAw*., 1898, a, *33; ef. a»f. 3. 

Boll and Arnold, J.C.S,, X935,1433. 
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i)i a carboxylic acid can he hydrated, the dof*rccs of hydraliou of the iwo 
species -will almost certainly not luj tlic same. It is not possible to assess 
the degree of hydration ol sint^lc molecules ol acetic sicid in benzene solu¬ 
tion, a Icnowledge of wliich is iiec(*s.sary for proper com|>Jtri 8 on with other 
substances, nor should it bo forgotten tlud m this case union of the acid 
and water mf>Iwulcs may ixwsihly Ik? due not to hydrogen Ik)iu 1 »» btit to 
Jornmtion of tlio molecule ('M8C(()T1)4. 

ludcpeiulent evidence for strong asjUH*iatiot» Initwi'cn the uudiMuihs of 
hydroxylic suUstauces and water in benzene Holulioii has Ihksi (»bi.unt*d 
from Irw^zing-poiut studies on wjlutioiis (»f phenol, <slliyl alcohol,^® and 
trichloracetic iicid In dvtiueous benzern^, 

1'he limiting slope of the curve lor dinictJiylaiiiline i.s nearly zexo. 
Huh wo inter^wet to moan that the nitrogen atom in tliis amino luts almost 
no tendency to act as an acceptor for the hydrogen atom of a water molt*- 
cule, so that the association ol aniline wth water is probably du(» to bond¬ 
ing through the hydrogen atoms of the amino-group. It is worth luiting, 
however, that the solubility oi mouolluoroclichlororoetlxaiio in dimcthyl- 
anilino lias been found to be greater than the ideal,showing that the 
nitrogen atom can form a Ixoinl with the hydrogen of a lialofoim molecule. 
It appears b) be increasingly doubtful that the hydrogen bond cfui be 
satisfactorily interprcto<l on a siiuplo elcctcostatic basis, or whether the 
only factors determining its strength arc tlio acidity of the hydrogen atom 
and the size and dcctnmcgativity of tlie acceptor atom. If tliis were so, 
then in view of tlie well-kuown strotig bond formation between chloroform 
and other wo should expect to find evidence for comparably slxoixg associa¬ 
tion between chloroform and water, for since the dipole moment ol water 
is greater than that of ether the oQcotive uegativo charge on tl\e oxygon 
atom can scarcely be less for water than etlicr. As, Jaowevor, chloroform 
at low concentrationH has no eQcct on the solubility ol ^vate^ in benzene, 
we conclude that the tendency to hydration is very feeble or non-existent. 

The results for nitrobenzene indicate that there is some hydration of 
this substonce, which might have been expcctc<l in view of the well-known 
ability of nitro-groups and hydroxyl groups, as in o-nitroplienol, to associate 
by means of a hydrogen bond. Au^ole molecules are likewise Ciipable of 
hydration, but to a ratlior less extent. 

Bromobenzeue at low conceixtmtioiiH Im no mcasurablo mfluenco on 
the solubility of water in benzene, which shows that the prosonco in an 
organic molecule of polar linkages is not in itself sufUciout to bring about 
any marked attraction for water molecules. 

It is interesting tliat tlio solubility of water in benzene, though small, 
is considorably higher tlion tluit in any otlior non-]>olar solwnt for wliich 
there is reliable data. Taking in oiuih ciuso what soems tlie most inist- 
WOTthy value aOTordccl by tlic Uterwture, llie solulnllty of water (exproHsod 
as its mole Xracfciou x jo*) al 20^' C« in benzoiio is 2*^10; in tctnidiloro- 
ethylene 0*63 ; in carbon tetrachlorwlo ’ 073 ; in cyclohexane • 0*5 ; in 
carbon disulphide o*(>. ('flic Aguro for totniohlorootliyleno Iiok been 
caloulatod from the concoiitration of water in Llxis solvent when in ot]ui- 
librium with the salt hydrate pair Na»S04 • JoHaO -|- NUaSOa). While 
it would bo qtdto unjustlfiablo on this fact alone to }X)stulato some kind of 
specific attroctLon between the molecules of water and benzene, an enquiry 
into certain properties of suitable binary mixtures of which lionzeno lumis 
one component has lead us to the conciusion that some weak attraction 
does actually exist, and that other molecules containing a hydrogen atom 
capable of forming a hydrogen bond may assoedato, though rather feebly, 

Rozsa, Z, Elehtrochm., iQix, 17, €>34, 
w Zellhoeffer, Coploy and Mat^ /. Amef, Chm, Soc., 1938, 60, 1337. 

BoU, /.C.S., 1932, 3905. 

Clilford, Ind, Eng^ Chm.t X921, 13, 628 ; TJaponski, Pftrolfiutn Tnd,t 
* 7 . 7 I 3 < 
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\vith benzeiic molcctiles. One of the most strikinp: examples of such 
association comes from Simons* work '•on f ho i>artial pressure of hydrogen 
lluorido in benzene sohiiion. At iiigh concentratiouH he foimrl the IflSgo 
positive <lovialions irotn l<aonlt\s which arc io be exi)o<'.tnd for a 
mixture ol two sulwtancos with sucJi dissimihir molecules. At low coti- 
contratleiiit ol hydrogen fluoride, h*)wever, its partial pressure is c<»nHidcr- 
ably It^ss Ilian it would be if U{u)ult*s I.€'iw were obeyed, wldch <an only 
jucHin that thei<» is some jvsHociation of the two coniivnmds. There nro 
utilortunateiy almost no data on tlv<» solubility of hydrogen iliiori<lo in 
other iiou-iHiliu* solvents, but Simons louiid it to I-hj nearly twenty tim<»s 
more soluble in In'iizeno tluiu in octane. AiiotJicr simple moleculo capable 
of taking jnirl in liydrog(Mi lunul forinaiion is that of ammonia, whicli, 
like \mter, is morr soluble in boiizonc (on n mole intctioii basis) than any 
other uon-jK>lar sfdvont.®® 

There is evidence of other kinds tlxsit hyilnixylic. snlwtanccs such tis 
phenol can asflo<'iat(‘ in some way with iHJUzeue. I*br solutions ol phenol 
in bon^oiie, the al>'iOi])iion ImuuI characteristic of the hydroxyl group of 
the monomelic phenol molwuilcs lias Iwn found to occur at an abiuarnudly 
low frtHjuency, 'Hiis Inis Ihh‘U interpreted as Iwing duo to association of 
jihcnt)! and benzeme nioltH;ules,*' which is also suggested liy the low value 
of 2*4 kg. cal. re]>i>rted recently •• for the Htrongth of tlio hydrogen Ixmd 
fonu^ betwct'u two plicnol tuoleculoH in bmizeno solution. Dotermimi- 
tions of the Ixmd strength in iniulia other than lienzenc luivo yeb to bo 
made, but nn approximate estimate of its nuignilndo in liquid phenol 
Itself can obLnincHl from a comparison of the heat of evaporation of 
liquid phenol with those of other aromatic sulislanct's which are not 
nsHociatiKl but the molwmU^s of wliich have nearly the same sluq*® 
dipole moment as phcmol. 11ie molar hixit oi ova^xnation of phenrd at 
its melthig-point (CtdcnJutisl from vaiiour pressure data) Is aiiproximately 
X7 kg. cal. (Jt dccnsiscK rather rapiiUy as the temiHiniiuro rises, owing, 
no doubt, to decreasing association). At iliis lemticnduto the molar 
heats of cva])oration of ehlonitiemscmc and 1>rotnol>cnzeuo are about t) 
and 10 kg. cal. resptHitlvt'ly, ('rheae sulMtances have bc'cn soloctod fur 
comiiarisou since Uicy are aimut os ][K)lar os phenol, but other uuassociated 
Ixmzouo derivatives wltli on<‘ snmU sulwrtituwit liave molar heats of evapora¬ 
tion of very much Uie same mngnitucle.) How many hydrogen bonds are 
Imiken for cKU:h mole of phenol evaiXYrated is not knowii, but if (as suomB 
prohuhlo) the moJi^ulcs in lupiid phenol ore linked in chains of iiuloilnlte 
length, the averagt* number ommot bo more thou one twsr moleculo, though 
it may bo less. A nnigh osthnate of lUo sttongtli of tl\o hydrogen bond 
between two nhenol nioluculcs in Ikpild plxenol is therefore between 7 and 
8 kg. cal., and though lids may l>e in errm: by 2 or 3 kg. col., it is so much 
greater tluin Ihn 2^*] kg. cal. foutul for llio bontl strengtli in l^euzene stvlulkm 
as 1(1 Huggesl that this lost quantity is the energy evolved when a dimcAric 
ph(uiol luoleculo is formed not from two freo singlo phenol nuilcH^ulcH but 
two plioiiol molecules each solvateil in some way by buusoue. 

it is well known that tlio hydntgou atom in the oldoroform molecule 
can take pivrt in hytltogcn bond formation with certain sul^Htancos, and it 
is thorof(n*e iuterosting to line! ovidonco which indicates tluit chloroform 
and l>enzcnc have a slight tendency to associate with one another. For 
example, the two liqidds mix with the evolution of heat, which amounts 
to 1*58 c^, for the audition of one gzn. of chloroform to one of benzene at 
18^ C., and the partial vapour prossores of the two substances in a mixture 
of them ore a little less than they would be were the eolation ideal.** 

'•/. Amer. Chem, S(W5., 53> ^3* ”Boll, J.C.S,, 1931, T371. 

Ikwlgor, jT. Oicm. Vhysics, 1940, 8, s88. 

” Twawwtlro and Dickinson, /. Amer, Chtm. 1039, 61, 54. 

** LtaolTorger, /. Anitr* Clmn. Socu '895* I7« 613 ; ^ulze, Z.piwsik, Ckmn.t 
XOai, 97,388 ; llirobo, J. ScL Tohyo (t), 1925, i, X55 \ Schmidt, Z. physik, 
CA#m., 1926, xzi, 2J1, 
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Cblorolorni appears to be the only liciuid which mixos exolh^Tmally with 
boiucono, witlx the exception of the hiniilar substance penlarhloretliane, 
raixturos of wliich with benzene also slicjw ncf^aiive ticvwtions tioni 
Rooult'fi Law,®* The solubility in licn/enc oi triplitniylinet luane, the 
molecule of which is in some ways not uiiliki* tluil ol elihmiloini, is ^2*4 
mole, p(T rent, at 20“ C. Tluit tliis is ronsic lei ably ^leater tluin the idea! 
viduo of aiM) mole, per cent, is evidence ior intorniohH'ular association 
which is of a pjirttcularly inlert*sHn;; kind, since both subsUinc<'h ooiitnin 
only carbon and hydnifion. 

Tlie tacts summarised liore sluiw tiuit the benzene tnolcsnile can soine- 
timi-i asHociato with other mtdecuh's which *M>ntaiu a hydrof*en atom 
capable of forming a hydrogen iKnid. It is tlwrelore suggctitdl tliat the 
higher solubility of water in beuzeiio comparetl with its solubility in other 
uon-ix>lar solvents is to be attributeil to a rather weak attraction wliich 
opjxisos the oilut factors tending to cause separation into two liquid 
phases. A diflioulty arises in trying to formulate more iirociscly the way 
in wliich the benzene molecule jurts as an accciibir Cor the hytlrogcn atom, 
since hydrogen bond formation lias liitlierto been regarded as being 
possible only when the acceptor nioloculo contains a strongly electro¬ 
negative atom with an unshared pair of electrons. II a carlxm atom in 
the benzene ring were to odjuire such a jiair oi electrons the electronic 
symmetry of the ring would bo destroyed, and it seems iinprobabh* fui 
energetic grounds that Hic benzene molecule is brought into such an 
abnormal condition on asHOciation. It is possible, however, tliat the 
olectrouogativo centre of attraction for the hydrogen atom is not one of 
the carbon atoms but the centre of the benzene ring, whore tlio combined 
ectioix of the sdx carbon atoms 83nnmctrically disposed alxnit it might 
build up a small but appredablo electron dontdiy, especially if the l)<»war 
structures contribute to some extent to the actual condition of the molecule.*” 
The hydrogen atom responsible for tlie association may bo imagined to 
approach the nucleus along the lino through tlio centre normal to the plane 
of the ring. It will then be nearer to the centre of the ring tlian to any 
one carbon atom, and at the distance to which it is pemiiited by repulsivo 
forces to approach the carbon atoms it may be experiencing attractive 
farces from the centre of the ring. Assocliition of the two molecules in 
this way will thoroloro bo essentially oi the dipole-inducwl dipolo typo.** 
In view of what lias been said of the ability of the Iwizene molcculo to 
associate wltli certain other molecules, it would seem tluit this mibstanco 
is not tlio best solvent in which to study such properties of hydrogen bonds 
as tlxelr strength and olfooi on iiiim-TiHl ul)sor])tion s^Kuini. 'Jlto qualiia- 
tivo deductions motlo ofirlior in tiiis txijjor about the relativc» oxlonts to 
which the moloculos of dilTorent huMoiiocs are hydrated in iKuizciie solu¬ 
tion are not afJccle<l, however, tliuitgU if it be coiicodod that tliere is some 
slight attraction between the moloculos of water and Iwnzcno, then for 
substances like chloroform and bromolxcnzone, which at low couceiitraiionK 
lusither increase nor decrease the solublbiy of water in In^iizono, it would 
be better to say that tlie tendency of water to ussoemto wltli them is no 
greater than that with benzene, rather thau tlwt they ore nf>t hydrated 
at idl. 


Summary. 

It has been shown that information about tho hydration of moloculas 
of organic substances can be obtained by studying the effect of Ihese 
substancea at low concentrations on the solubility of water in a non-polar 

** Weissenbexger, Schuster and Pamer, Bar* Ahad* Wien, Kl. zx&, 19a134, 
aSy* 

*» 3 PauHngandWhdaad, r. Chm* PJ^sios, 1933, 1, 36:2. 

*• Mo^wyn-Hughes and Shetman, /.C.S., 1938, loi. 
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solvcul. Six compounds liavc 1 hk)ii cxamitiod in bon 2 <wie solution in Ihifj 
vray. The results, tof^ether with ihosc tu’vt'n in the Uierature lor other 
substances, htive been disoiisstsl wiili rclntion to iJie nature of ihe liydrogon 
IxMul nnd tlio unicUiions f*ov(Tning its lonnntion, 

ll has lunm ^Kuiited out that writer is Mwcml tinuni UK>re soluble in 
heuiseue t luin in any otlu*r nim-ix»lar liquid, I n the lipfhl of other evidence, 
it is tonclucksl honi this tliat the moUx>iiles ot water aiul l>cu/cue have a 
hli^lit tendeiuy to associate with one another. 

luorffttiuc Chmishy h'lbouUory^ 

Oxfotd, 


THE MECHANISM OF PHASE CHANGE IN SOME 
IRON-SILICON ALLOYS, 

lly II. Lipson and A, R. Weill. 

Received i)ih Nimcmber^ 1942. 

Tlio eijuihbrium ihatfram of the iron-siliroii alloys has proved to bo 
much motH‘ I'vasive than the eaily work on it seemed to promise, 
Phrai^inen,^ by imsiiis ot an X-ray study, had ouflinerl llie main detaiLs 
ol the (h.i^r.im and they were supiiorted liy the more aei*urate work of 
llauKhtou and lieeker,*^ 1 'he irou-rieh enil ol the iliaj^ram propostnl is 
shown in Eif;. I. Ap.irt Inmi one disturbing feature’--the apparent 
conttiet of the solidus and H(|ukIus at 14% Si -tliere aeemed to rexuaiix 
only th(' ueees.sity lor lutiro precise determinations of small parts of tho 
diivgruuu 

The X-ray work of Stoughton and (Jrciner * ahowed that the poaition 
waa not «n simple. In Kig. i the limiting a sulid-soluliou above 1030® C, 
is in equililirium with a phase c and below roju® C, with 0 pluwc ij, 
Stoughton and (ireiner found that at a tnueh lower texnporaturc Iho 
•q phaKc unstable; and they suggested that at 825® C. them is a 
eutcctoid rraclion by which i) dwnupo»es again into « + «. Thi« is 
iiieoqiorated in tlunr iliiigmm, part of whieh is shown in Fig. 2. 

This is an unusual fi*alure in an equilibrium diagram. It is, of 
course, essimtially similar to tho a-y-8 change in pure iron, but this also 
is unusual, and ii was thought wortliv of close attention. 

In tlio preswil work, the ebanges that take place in the X-ray powder 
pattern of «v 23 % silii'ou alloy mmculod ul 720® C. have been observed, 
and they prove that ij does tend slowly to disappear at this toniporature. 
In the (Hmrsi* of tho observations a rather remarkable metliod for tho 
change of phase was found to occur, A description of tliis and a possiblo 
theoretical latplanntiou of it arc the main subjocts of this paper, Tho 
theory is one ihut may be of gcaicral application to tho study of phase 
transformations; it affords a basis for Ostwald's Law* of successive 
reactions and suggests a possible limitation of this law. 

^ Pbragmon, J, Iron SUel Inst,, xgaO, 114, 304. 

> IXan^ioa and Bookor, ibid., xoio, tzt, 3x5. 

■ SloughUm and Grsincr, M^als Handbook, p* 396 (Amoxkoa Soc. Metals, 
Clevolond, x<>30), 

^ITindlay, tho Phaso Rulo and its AppUcaHono^ p. 60 (Longmans, Gmn 
ds Co» London, 1923). 



14 PHASE CHANGE IN SOME IRON-^SIIJCON ALLOYS 


|S 


The Crystal Structures Involved. 

In order to descrilic the metliods tiaod, a l>rit'£ dcacri])tioti of the crystal 
strnctnrcs of the a, c and ij phaaca ninat bo The cr^’sl.U Htruclurcs 

^ lui\o alsf) Htmic In^arinf^ on tlie 
/ I I'm tlHails of tlie iKiuilibrium dia- 

/ *J:i S «ranus ])ro|)tmod i)y the 

L L- - - \Vr»rk(TS, 

uj "" -In 4J S Phase a is a Kohd soiiilifin 

Vjj > gtg «*l Si in h>. At low lettipeia- 

\ "t C -- - .. ■■ ■ - ■ tnroH tlu* phase b(»uiHUu*y is 

^ .Sft? €03; near the coni])oaition h'coSi and 

’*? the atomic armni^cmonl is that 
ff K. ^5:3^ typified by Uic alloy FcgAl; 

'tf .Ci at luj?h temperatures more Si 

'* SS HoUitiou and tl\o 

// orderiiif? oi the atoms follows 

f >gg===?^ ^ ^ *9 I the aamo course as in the Al-Ke 

^ ^ ' >o‘ ’ ' * ' system although it does not 

I p, approach the composition FeSi. 
/ r > i 5 and Munvbt • have sug- 

/ uj gc?8ted that the ordering is ro- 

'S 3 sponsible for the apparent cou- 
\ ^ • S w of the solidus and liquidus 

w! ^ , 1 u as found by Haughtou ami 

^ Y ^ ^ ^ vj ^'3 Iteckcr; in their diagram they 

3 \ y>S - € d S ordered solid sohiilou 

jr <. '5 formed by a peritectic reaction 

luiuid and tlio tlis- 

// .o ordered solid solution (Fig, 3), 

fj *tf ^ So While this is not the usual 

// « 8 !5 result 0/ ordering in other alloy 

y ^ tji S a systems, it is similar to the state 

^ ^ ^ ^ ' ’ ffi affaks in the solution of A 1 in 

tills the ordoreil and 

/ I I* ^ S ^ disordered solid hoIuHous are 

/ J *3 separated by a two-phoso gap. 

— T p ' - ^ The two-phase gap ixroposed by 

* ‘S g'P Osawa and Murata, however, 

9 iH Ht) uotTtiw tluit it is <Ufficult 
V '8 9 ^ exjjorimcnlally. 

8^ #—L N “S 2 Pliaso e has a cubic structure 

B ^ Iff wliich has boon deterniiueil by 

J ^ €J Phragmon;! it is ounliinod af- 

/f *Sto Jm>8to»icllytothocomi>ositJon 

f ^ 

1 / — H Tlio Htruoturo of ti has not 

— r X ; I I 1 -^ dotormined. Osawa 

? § ^ § S ^ ^ ff S Murata • say that it is 

> hexagonal with a r= 6*727, a, 

Tempetatn»'>C. Q e«9'4*i. A. la the prosont' 

^ . . iavestigatioa, however, it was 

Wimd tliat photompbs, takea ia a 19 cm. diameter camera * with 
V completely iudoxed with a *' e » axis of only 

naLt this length. This is supported by the fact that nearly all the I indices 

i^dley and Jay. iVw. Hoy, Soo., A. 193a, iy 6 , aio. 

• Osawa ^ ICmtta. Niftpon Kimnhu 1940,4, aaS, 

»^'*■^1 £2?- ■»»'. sm., a, 1937 . 159’ ss: 

» Bradley, lipeon aad Fetch, fi Sri. Imtr„ ^41,18, ax6. 
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t»ivcn by O^awa and Minata arc ovoii; llioso that are odd belon.^^ b) linc»s 
that are loiind b) lie Kfi lines, or lo linos that have not boon obsorvwl in 
the present woik. 

The tliinotisions (oiiiid h)r the unit roll .u<»: « <>*7dl4 Ai ( *r?«>3i a* 

The doiu.ity is (o| j-./r c., and siiiro tlio I'oinjMisilicni m known to ho alH)iit 
40 aioniir per ronl. Si tlioro must l)o i<> atoms in tbo unit cell. It is 
tlioroloro not possible to tit Hie atoms into the unit cell hi the ratio : z 
as the nsually aeeepbKl iormula ol the 1/ phas(‘ would domaud. Tin* 
nean*sl ]Jossiliilily is 5 ; 'riius the rrvhtfillo|»niphir evidence would 
])oinl to the coin posit ion KOfeSia (zyi % Si) as the corrwt eoinpeisition ol 
the ]ihase, instojul of hVaSij (jfeo *;[> Si), In view, however, ol tlio 
larj^e mimlier ol inslanec's, such as CuAl^ in whirh tiryslalloi^rtiphically 
is|mval(Mit |>c»sitions are nt)t lilleil by similar atoms this evidence of the 
<*oniposition ol tlie ri phase CMinnot bo ialfon as conelusive. 

The only possibly siiuiiln'ant absenees of X-ray apenjira are oooj and 
0003. I'his wonhl siit»{*est that the .space-f(roup is either Cbj, ('(>82 or 
('Oa IxniiR the most jirobable. 

Experimental Methods. 

'Fhe alloys were made In a hii»Ii-trc(piency induction fumnoe, the 
com]KmcntH beiiiR lliluer iron hVK)3 (<s)*o7 % Fe) ami silicon of purity 
^9*^5 % ICUH'tro Metallurgical Co. (Niai»ara). They wero an- 

nealcKl at ti2o^ C. for tWY) days in vaetto to oliminato coring and dUowecl 
to cool In the tuniiice. Powders lor X-ray examinations wore obtained 
by crnshiiif* small pitws of tlu‘ alloys, 

I'hc resiills to lie tltwa^ibed wi^e obtain(sl on an alloy containing 
■nominally 25 % Si. The powder fnun it, without further heat Ireatmeui, 
contained a large amount of ij and some a and «. It was found to ho 
rather clifllcnlt lo got couHistent n»Hults by (luonchiiig this jKnvder irom 
<iiQeront temperatures, ami so it was decided to follow the changes in 
the iviwder by annealing for ditferent j>eriodH of time and then quonclilug. 
Tn this way> mthough ufpulibrium may not t>c aitainoil it might ho possible 
to sec which way the reaction ■was proct'oding. 

Accordingly several Hami)les of tlie throc-phasts |K)wdor were sealed 
into evsicuated silica tubes, and these were annealed together at 720** C. 
This is nlxnit roo" C, Ixdow the reaction tonqwature propo^ by Stoughton 
and tln»Jner, but liigh enough, it was thought, for the changes to proceed 
ri'aaoiiably tiuiekly. At iuiervaLs a tube was witlidrawii from the furnace 
iind tlropjKHl into cold water. An X-ray ]>lv)toKraph of the powtier wan 
then taken. 

Ilie proporlloits of Hie pliant's promuit were measured by photmmdry 
of Hie K-niy pluytogra])lts. A characteristic linn fnun each ])liaue wh.s 
cluisen, sul)j<*ct to the udlowlug cnnditionH ; first, each line must bo one 
that stood cUsir fn>tn auy others of its own or of dtUer of the other two 
liatteniH; socomlly, the tliroe Kims must Im reasonably close togoilior 
on the Aim so that tliolr relative intensitioH should not be greatly dependent 
on the size and Hha])o of the spooimon,^^ and thirdly, each lino must be a 
rousouahly strong one on its own pattern so that smalL amounts of the 
phase can bo measured. The three lines dioson wore : for oc, 220 ; for 
c, 421; for 17, 50J4. I^rom thesse linos the proportions wore found by 
comparison with the lines from an artificial mixture of equal weights o£ 
the pure phases obtained from other alloys. 

By tl^o methods each phase can ho recognised, definitely and the 
changes followed quite clearly. The accuracy, however, is not high; 
the estimation of intensities, even in more favourable oases,^* involves 

Stockdalo, /. Inst. MeM$t X9%3, 5a, xix. 

Bradley, Pros. Physio. Soo., A, 1935, 47 # ^ 79 * 

“ Fetch, 7. Iron Stsst Inti., in prm. 
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cmira of several per cent, and hiuco a staiubird sjwinuMX l«id t(» Ik' uscrl 
tbero ia a possibility ot systematic errors. 

Results. 

The rcMilis an* fpvon in Table I and arc sluavii fli{ij*raminatit ally in 
As a clicck on Uu*hc icsuWs the ol ilic tdlov w.w 

worktsl ont fioni 

TAliLI"- T.—CiiANOKs IN Tiih Trohikhons ok Phasi'S in i»ar|i pliofo/^.ipli, 
25 % Si Alloy with Timis ok Anni-alin*. at 720" i:. thoa.ssunip- 


25 01 oiJuoY WITH xi&iis OK iVNJNi* AI 7^u V.. the a.ssunip- 

-- -- — --lion tlinl the ot 

11-iiciHjR.s. cinitithifd 

T„a.- __>•<«' % : ’I. 

“• ’• '• Jj -4 % Hi. Th.‘ 

. . «. 0 0 m p o K i t i o n 

Jihourh 21 55 M should, of course, 

4 „ o 09 5T Ji<»*3 he c^mstaut, aiul 

y ,» 27 .lo 4 i -25-() it vrill be st^en in 

^7 >> 3 * -U -^ 5 \t the last cohinin 

43 <7 -^ 4 -^ tluil it dot^s lie 

4 »* 5 ^ 7 4 ^ ^ 3 y within of 

I week 51 4 45 24*1 wittiin \ ^ ,0 <1 

a ■wwks 50 o ^4-6 the noninml cDiii. 

4 » 5 i *> 47 .*4 -3 it IS 

« „ 55 o 45 25-8 rather disturluns 

that the \aria* 
tkm is .sywl(‘in- 

atic, but in view o£ tlie assumptions involved and in the possibility <»f 
systematic errors, pcrliaps it is not su^rising. The chemical annlysis of 
the alloy gave 24*2 % Si, but it is difiicult to see how the i>roi>ortions 
of the ph^os could bo explained on this basis; and the alloy is nithet 
didlcult to analyse on 
account of its chemical . 

inortnoss. A 

The cliangcs in the j \ 

proportions ol the phases / \ q o< 

are quite different from + \ o 

what was exi)ccte<l. It 50 - \ n 

was thought that, if 17 \ ^ 

were unstable at 720'’ C., Jr ^ ^ 

its amount shoulil gradii- /A X 

ally docrooso with lime : / \ A 

actually its amount In- J? 55 - / 

crooHcd at llrst and thou 5 / / x 

b^on to dooreaHC. The S t / N. 

a phase lichavod in a \ / nJ* ^ 

still more remarkable , \ / 

way: its amount first \ / 

decreased to aero and \ 

then increased gradually, 0 -f—i—— \ —m—T— r ■ 

at the expense ofThe 2 t 6 / z ^ _ , _ 

reaction was very slow, , wuM^. 

and *7 was still detectable (/c^nfhmfc scdk,). 

was too sm^ to measure* 

An attempt was made to repeat these changes, but it was found 
difficult to reproduce exactly the initial conditions. However, the general 
trmd of the changes remained the same. 

The same alloy has been examined at different temperatures, ctlthough 


A it t z _- 

f. vtuk^. 

Tim (/c^rintmic 

oges in the proportions of phases 


Fio, 4.---Changesinthepro] 
with tfino. 
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not in such tlcinil, and ilu^ initial disapiK^araiice of the a jdiasc lias homi 
fotuul to occur at the Inwi'st toniporatiire wo liavo used, 530" C, 

III aikiys less rich in Si iho a ]diasc does not disapjKsir; hi a lyo % 
Si alloy, for instanro, tlio « ]>luiS(‘ changt^s dinsilly to lli<‘ linal anuiKisition. 
'riiis is evidoncod hy tho api)oaranc<» td di(lrarii<in linos oorrospondin#^ to 
1 h<‘ Iuri;c‘r spac'in/» k*ss Si wliioh Mnuliiall^'^ incToaso in stren^lli while 
tho inilial out's thrn'aso. *nioro is 110 ^rrulual shift of (ht» difirncfioii linos, 
which would bo tht* ease if tho ooniposilion ol tho rx, phsiso ohanj;c«l 
continuously. 


Discussion. 


Sinoo tho jihaso ic'ntls to (lisa[>pt'ar on iinnoaHni^ at 720“ C, tho 
proseiit roHulls support tho cli!t4>nims that j,dvu it as imstablo at tliis 
tonipcraturo. Novortholoss, its di'oompositiun is s(» slow lhal it is not 
siiqinsini* that llio isirlior workors thought that tj was stribh* down to 
room lomporaluro. 

Thii initial oli;ui[*os, howi'vor, sooni ililViouU to undorstnud. Stmic 
lij»ht ran bo thrown <»n tbom by apjdyiuj; tho prinoiplo. of lowest free 
oncri^y/®*f<»r, although froo onor^^ios thomsolvos cannot, ho ovaliiatcd, 
some of tho t^onoral propt'rtios Ihoy must have to jiroduco tho obsorvcct 


_ V 


/a 


Fio. 5.- 




J 5 



-llypotUutical IrooH'uorgy curves for the diffen^i plmses (a) above 
1030* C; (ft) 1030® — 825® C; (r.) bebw 825®. 


oquilibriuin diat^ranis may be postulated. Kor iiisluiioc, tho free onct^- 
ourvos of ri and f must liave pronounced minima, as shown in Fig. 5, 
in ortlor to produce narrow phaso-fiolds o£ iiivariimt composition; hut 
Hie froo-oinirgy curve for oc must have loss ourvature in order to account* 
[or tho variation of tho phuso tiouiulary with ti'iiiperuhirc. 

Above iD^o” (♦, tho ndativo dispositions of tho freo-enorgy curvas 
must resemble those shown in Fig. 5^ ; the 17 curve lies wliolly above the 
common tangent to the a and c nirves, so that t; always has a higher 
free energy than a mixture of a and «. ^ is stable bctW(X5ii 1030*" C. and 
835C. beinuiHo its free^eiiergy curve cuts the common taugont to the 
a and v curves, as shown in Fig. 5ft, Below 833® Hie t) ctirvo Jins 
moved relatively uriwards ngtiin, as shown in Fig. Sc, so that 17 is ugtuii 
imstabhj. The only rlilleroucc between Figs. Su and 5c is that the 
relative dispositions and shapes of the a and < curves liavo changed so 
that the common tangent to them touclics tho a curve at C, i6»o % Si, 
at tho lower temperature, instead of A, about 19 % Si, at the higher. 

If the alloy is quenched from the higher temperature the ot phase, 
A, is retained. But this will not give tho lowest free energy since It is 
rcprcaentocl by the point A' in Fig. Sr. The free energy of tho 25 % Si 
alloy, 28 a mixture of « end «, wiU be represented by the point P on the 


** Hoo*ebocmi, Z. phyHh. ChomU, 1890, 30, 383. 

JUpson and Wilaoa, J. Iron Steal Inst, 1940, 14 ^^ X07. 
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line through A' and the minimum «)f the € ctirvo. This line will not, 
of course, go exactly througli the minimum, but as the c curve is sluirjt 
it will do HO approximately. On annealing, the free energy umsi ehange 
to the VJilue given by the point R. It could, of eoimse, do this direct Iv 
by converting some of the a to c, tliercby impov<'rislting the a ol Si 
so that its composiliou cliauged to the i>oiut C. If, howt'ver, the ij 
curve comes below the line A'P, ns it must do .d le.ist just below the 
euteetoid temperature, 825® C., there is a stati' of intermediate Iree 
energy, represented by tlic point (j. To acliieve this state a reacts 
with « to (onn 1;; to achieve the state of lowest free energy the then 
dissociates into a + e. 

This method of change is similar to Hut observed, and so it would 
appear tliat the free energy prefers to change in discrete .steps rather 
than in one complete step or cniitiuuously, jjrovidcd that structures 
are possible that provide the intermediate values of free energy. Until 
free energies can be calculated as functions of atomic arrangement it 
will not be possible to know when such structures exist, and so to tost 
the gonemlity of those conclusions ; but that other cases occur is shown 
by the existence of Ostwald’s Law of successive reactions. This states 
that "when a system posses from a less stable condition it docs not 
pass directly into the most stable of the possible states, but into the next 
more stable, and so step by step into the most stable," Since " tlic 
most stable " means “ that with the lower free energy," this law is seen 
to be a generalisation of tbo conclusion arrived at in tins paper. The 
approach from tho standpoint of free energy, however, suggests an 
important limitation. At the temperature of transition from one form 
to another the two forms must have tho samo free energy; thus there 
cannot bo any intermediate values. Therefore Ostwald’s Law should 
apply only if the high-tomperaturc modification is held at a temporature 
much below that of the transition, so that tho freo-cncigy differenc(‘s 
are largo enough for intermediate values to occur. 

Summary. 

The equilibrium diagram of the system Fo Si is cunsidorod in ilto light 
of crystallographic ovklonco, and it is concluded in agroomont with previous 
workers that tlio pluiso 11 dissociates into a >)* < by both a iteriiocloid ro* 
action at T030® C. and a euteetoid reoclion at 825“ ('. The diangt's of tlu> 
proportions of phases present in an. alloy (luencliod from altovo llw lUghor 
iemporatnto when it is annealed below tho lower one Itavo lieen invoatij^ted 
by X<ay methods; it is found that tlw original « pliaso disappears ami 
is then replaced by tho final one, which luvs a dilloront silicon content. 

A possible reason for this, based on £roo-onorgy diJIuroucos, is given. 

The authors wish to thank Professor Sir Lawrence Bragg and Dr. 
A. J. Bradley for thoir interest in this work and for their encounagemont. 
They wish also to acknowledge tile kind interest of tiic Controller of 
Research and Development, Ministry of Supply, by whoso permission 
this paper has been published. 
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RATES OF PYROLYSIS AND BOND ENERGIES 
OF SUBSTITUTED ORGANIC IODIDES (PART I). 

By E. T. HuiLKR AND M. POLANYI. 

Heccivvd iiih Septmhe}% iy.12. 

TJicrc is much ovidcnct* of an iiiJirocI nature, in tlic wide variation in 
reactivity of related organic compounds, ‘wliidi Huggests lliat the nature 
of a cliemical bond is griMitly iiLQuouced by subblitulion. This would 
seem to conflict with the additivity rule ol Bond Energies btisecl on tlienno 
chemical evidence, which assumes that the energy of a given kmd of bond 
is a constant. The present work was begun with the object oJ clarifying 
this situation by obscrviiig the effect of substitution on organic boml 
btrengUi as xnanifesled in the ralt'S of pyrolysis of a series of organic 
iodides.* 

R. A. Ogg and Oggand Polanyi have studied the pyrolysis of a number 
of {ilipkatic iodides by static motliods.*- Under their conditions the 
kinetics of the d(JcompoHition are nillicr comphac, and we have come 
(0 the conclusion from our own work n'portod below, that the rate of 
the primary bond breaking process R1 = R 1 cannot be deduced 
correctly from their results, l^olysis as a means of establishing bond 
eiieigica was used by Rice aiul Johnston ^ who measured the loini)erature 
coomcients of the rates of decomposition of several organic compounds 
and calculated the corresponding activation energies, llicy used a 
flow method in which tlio free radicals formed during the procoss were 
allowed to remove metallic mirrors. Wo used a simihir amingemont for 
pyrolysiiig organic iodides, while measuring the rate of reaction by tiic 
amount of iodine (and in certain cases the hydrogen iodide) fonned. The 
advuntsiges of the flow metliod ore twofold: by tlxe accumulation of the 
product resulting from tm extondod period of flow it is possible to use 

* A. preliminary a)nununicaiion of our results was made ia Naiure, 1040, 
146, Jiui. 

Ilow far wft have, bcrc', huccoikIccI in i^Wibhing tlio correct values of bonii- 
cnuzvics may bo r»wn to <loubt. IlowovtiTi the conlmnatiou whmh mtr xc^sults 
for (Cri|«-I} uttd have rcTontly gained by quite indet^^mdent o1)borva>* 

lions (m)c |>. 20 and p. 35 w\ow ); Uio cIom* corresixui dunce oi flie variaiiutis o£ 
ostimattHl bond-sLfengUi wlUi i>redietc»d lornis of n*8onanco; the UuKjry which 
could lx* built up on this Imsfs for tlio vsiriations of ionnalion hc^is and the 
accoxn])anying clmugos in dipole Btxength for a series of hy^lnKiuliuns and iholr 
derivativeH: tho correspondence Ix^twoon osiiinated bond onorgiuH end acUva^ 
lion cnorgios of the No-reaction- ad tliose features together have convinced us 
that we may bo ixmnitlod to disregard for tho timo certain gaps in the kinetic 
evidence of tho pyxolybis oxpotlmcnts. Noverlholobs, we would have profound 
to extend this ovidonce before publication-*-C8poclally os this would have saved 
much tixeaozno discussion of dotails—IX tho extoosion were at all posbible. How¬ 
ever, tho oxperhnonts had to bo discontinuod in consequence 01 tho war for an 
inddhiibe timo and postponement of thoir publication would involve a sccdous 
risk of ihoir complote loss. In viow of the vorioty of subjects on which thc^ 
seom to throw we have felt their publication in the proeeot form to be 
desirable, 

> t Ogg Kod Vcimyi, Trans. Faraday Soo., 193^, 
and Ogg, J.A.C.S., X937> 59> t039i Z94* > 

3.9. <»* 3 * 8 ^. 
md.. I934> S^t *X4« 

X9 


1 Ogg, J.A.C.S., 1934 
31 , 604; aee alao Jooos 1 
*«*•. *938. <0,1877; 19 
* Hiee and Johnston, 
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very larftc volumes of in the reaction and Ihcroby (a) maintain very 
small partial proHsurcs of the organic substance, ami (6) limit the total 
decomposition to a very small perrentage. The low concentrations of 
the initial and final products IIuih achieved reduce nmsidertibly tlie 
clinuees of secondary reacti(uis. 'Phese are suppressed furtlier by the 
britd duraliiMi of tlie resw'tiou which is over in a M‘<'(md or less as the gas 
passes through the rea<di(ni chamber. 


Experimontal. 

The complete apparatu.s is illuslraled in Idg. i. The reaction vessel 
was of Pyrex, Kj being 6 cm. in diametor and Kj 2 cm., eacli Iwing 
15 cm. long. It was possible to heat citlior the whole vessel R^Rf (volume 
4i|0 cx.) or the narrow part (^o c.c.) alone, and in this way a tcnfald 
variation in contact time coiilil bo otfoctcKl without changing the rate of 
flow; adjustment ol the latter gave further variation of contact time. 



Tlie temperaturo of the reaction vessel was measured by m««iH o£ copper- 
advance thermocouploH placed in the narrow inlet tulnss Lt anti Wum 
steady conditions liad boon attained the inaxitnuiti dilfcrenco in tom]H*m- 
ture along the whole lengtli ol tlio reaction vchhoI was 10^ at 500", and loss 
at lower temperatureB. The average tomporaturo insklo the reaction 
vessel was found by moving the thermocouples along the tubes and reading 
the temperatures at 1 cm, intervals. By careful control the temporaturo 
could be kept constant within ± 1*5® during a run of several hours duration. 

The carrier-gas stream was mrculated by the three-stage mercury 
wpour pump C. After removal of mercury vapour by passage through 
tile liquid air trap F, the stream divided into two parts. One part wont 
first through the vessel B (where mercury was introduced in those experi- 
i^fcs in which its effect was investigated) and entered the reaction vessel 
through a short capillary, while the other part after picking op the vapour 
of organic iodide entered the reaction vessel at N, The decompeSftion 
products and tmdecomposed Iodide were condensed in Fj and P, immersed 
in a mixture ol acetone and solid CO* and liquid air respectively. The 
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r.ito of Jl«nv of Itie canuT-^.is was incJ»siin»il lyy tlio pressiin* .‘^rndiciil acn>ss 
Ilu» t*alii)ra1(Ml <Mpillaiy Kt leamlrd on llu* double McLeful j^augc M., and 
could l)e varied by adpislinc'ul of th{‘ Ifnuschild valve Vi, 

Two luelhods weie etn|>loyed lor ('onludlin^’ and measuring tlie rate of 
entiy ol the iodide lulo the reaelion Missel. loduk*sol hi>'h\aponrpi<'SMire 
( * ii» mm. ai loom temperatiue) were mtrodueod into the slonif*e 
A| and ontf'asvd l)V Ireivinj* anti ev.ieuatinjj siweral tiimni. 1 'lie iotiide 
vapour ll«»wed lhroui;h the needle v.d%e V, the line cajullnry ainl th<» 
tap 5 into I lie eanu»r ;*{18 strts'un. 'I'he How t»l Iho iotlide was controlled 
hy ad)ustmii» \ .. and uu^asnretl by the lall in pi ensure lu'rohn Kj which was 
calibialtHl lor earli iodide ustsl. ItMluU's ol lower va[Hnir pressure were 
introduc:tMl bv a met hod clovistHl by Waidnirst.* 'Pho stream of eArricr-gas 
jiassed hrst throuidi the trap Ih eoulaiiiiii^ the iodide ami tluMi through a 
smuul trap H. mamtauusl at a ttnnixsralnre alxjul 20 ‘ boltnvlliat of Hj. 
Tliis arningcmicnl ensured saturation ol the carritn* gas \\'ith the iodide at 
the temjHM'alme ol 11 ... Tlie rate ol How of the iotliile was ugiiin lound by 
prnlimiliary ealduatiou, 

Mefore bt'ginnmg a run the ri'action vessel was baked out for two hours 
at a firessure less than lo ® nun. WJieii tlie coinjKnind uiultTgoing xiyiti- 
lysis gave hydrogen ioihilt* as wsHl as liec iodine, the latter was condensed 
ill Fa ’ 7^*1 while the foniUT ]»ass<sl tluough h'j aiul colleoletl In at 
- 195^ At the end ot the experiimsit was cut oil, the eontents washeil 
out \iH(h absolute alcohol and th<' loiliiie titrated against standard sodium 
thiosulpliate. Tim liydnigeti iodide was litr.ited against stamJard alkali. 
■When mereiny wjus present, the meirury luilides coileded in Fg were 
(alter removal ol llie volalde contents i>t Ihe trap) reduml by boiling with 
zme dust aiul water and the iodide estimated with slaiulard silver nitniie, 
M'hc ethyl, /i-propyl. «-bulyl and alJyl iodide's were commercial protliicts, 
carefully imrilioil Imiore us(', while the oilier iodUl<*s were prepared anil 
purified by stamlard methods, ('ylindor nilrog<*u ivas fris.sl Iroiu oxygen 
by ])as,sagc over sodium at .550", anti cylinder hydrogen was jmrifioti by 
l)tts.s{ige tlmuigh a iKilladiutn thimble, l^un* nitric oxide was nuule liy tho 
nieiliod ot Criauquo and Jolmston. 

Results. 

Ill Table 1 are pn'simUsl the results for ethyl ioditle in hydrogen as 
carrier-^^is. Wt' will distmss -lo Iwgin with only the exjioriments carried 
mil at 49*r. *I'ho rate's of reaction art' oxprosst.'fl in tonus of " first 
onlor constantH '* ; which must not prejudict' the tjucHiicn of iho actual 

kinetic imHilunilsm involvisl, Foinpiirisou of the pairs gnmpod iog(*ilier 
shows that exrept in one casti reprocliuubility wns lK'tt(*r than 1 5 %• 
view of the whole iiivestigatjon wc may say tiial this tlegris' ol repuKluc- 
ibility within tine nin Is mit imcominon where the tpiantilies ol iodine 
jmuluctHl are Hulficieul. However In some cases, it) which aitentiim will 
tm called in duo tunirst', rcpHslucibility was conHidotably less, 

Tho introduction of llg-vnpour which was usckI Irom IC.vp. 3 tinwards 
had no noticcablo oflcct. I'his ndniixturo was ct)uiiiiu<»d tlmmghout the 
oxiioriiucntH with cthyliodido and then loft away. A mt)ro tlian twt>fald 
incrooHO in 111 xirossure In Exim. 3-4 and g-io produced a rise of by 
alx)at %, while a more tliau sixlold iiicrooso in Esqps. 13-T4 and xi«t 2 
caused a rise of kt by 115 %. In tho latter comparison wo disregard iho 
change in othyliodide prosBuro since in subsequent exporimeuts its varia-* 
tion lOTved entirely ineffective. Comiiaring (with the samo proviso) 
Exps. 9-10 and x«t-Z3 wo note a considerable o£ kj with Increasing time 
of contact. 

The tendency for to rise with increasing pressuro and to fall with 
incroa^g contact time was much less xmtiCQableh--dn fact, not definitely 

* Woihuist, Trans. Faraday 1939,35» 674. 
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493 

9*00 

2*11 

T*<)2 

0*t)<) 



fas 

494 

13-3 

1*54 

*■33 

1*07 

0*97 


20 

49* 

12*8 

r‘43 

1*72 

i*o8 


Varying 

*5 

492 

T2-3 

T*50 

0*728 

IMk) 

— 

COUtdCt 

22 

404 

12*7 

i*3« 

0*041 

t*()7 

*— 

lime 

1 *4 

493 

12*4 

1*57 

0*140 

1*32 

— 



404 

10*7 

20*4 

0*139 

0*50 

0*03 



402 

IT*« 

1*5* 

O*o()0 

7*04 

• 

NO 1 


403 

<)*^« 

3*7 

1*74 

x*9o 

o*8o 

pnweut \ 

.33 

403 

0*45 

30*9 

r*h(> 

2*<)fl 

0*85 

3(«). n-Propjrl 

Iodide in 

1 

1 





XT2 

40* 

0*50 

*37 

I*0« 

4*94 

4*22 


TOO 

40* 

0*28 

11*0 

0*5 ro 

3*20 



108 

49 ^ 

7 * 3 * 

8*2t 

0*473 

5 *t<) 

3 M 7 



402 

()*12 

JI*2 

0*0412 

3*69 

6*«)r 


113*’ 

493 

0 *O(> 

TI*0 

0 ’ 5 -»« 

5-35 

4 *J 4 


Ii 4 t 

49 * 


X 5*7 

0*710 

5 * 3 » 

5*01 


1X0 

440 

0*96 

10*0 

0*521 

0*466 

0*408 


It! 

44 * 

6-39 

10*2 

0*350 

o* 47 a 

0*4.14 



* NO pxesoat. 

t Caixior-gas 

; hydrogen. 


3(&)« »-ButyI Iodide in Nitrogen. 






X2I 

49 * 

6*49 

6*32 

1*40 

8*o8 

11*2 


125 

491 

5’39 

778 

0-565 

8-38 



H8 

49 * 

0*63 

2*57 

0*302 

10*05 

17*4 

, 

122 

49 * 

6*36 

7-38 

0*0453 

7-30 

14*0 


XX9 

440 

7 ‘ 0 I 

1-59 

0*500 

0*83 

2*30 


120 

440 

6*53 


0-368 

0*59 

*•44 


124 

441 

6*54 

8*a8 

0*646 

0*05 

0*99 
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F*p. No. 

Ti'inp. 

Totil 

I’ir'.'M 

tnt1ii1r< 

1‘irs,. 

('iniiai'l 

Tiui(*. 

itj. 



nitxL jum. X i*r-a. 

M'i*. 

M'C. rcrs. 

4(a). Allyl locIhU^ in Nltroiton. 




70 


OM.j 

50*2 

t»*52o 

UiO'O 

77 


5 * 8 H 

57*0 

o* 5 «K 

52*1 



u\*n 

7*53 

0*570 

3 *J*« 

Sti 

4^7 

O'jo 

04*0 

o*af«7 

223*0 


35 (» 

0-^3 

i «3 

1*H(» 

5*01 

7 « 

35-1 

0*30 

5()'8 

0*023 

0*21 


3 .S 7 

0-3 4 

07*1 

0 *«IT 2 

8-«3 


35H 

0 - 5 J 

7 *o« 

0*588 

0*37 

Htj 

35H 

0 * 5-5 

0*(>u 

0*0.^ (K> 

«*C) 

Ki 

335 

0*01 

<» 3 *o 

0*0475 

20*5 

«3 


o*r ,4 

<> 5 *-s 

o*(>Sr 

I'oS 

r> 

2 i}H 

o* 4 »j 

47*0 

o*(X)3 

0*<»2 



5*00 

Ofrn 

0*502 

1*05 

K« 

J(KI 

<r.i7 

7'iS 

O'OfKXJ 

0*53 

4(6)* Vinyl Iodide in Nitroj^en. 




<11 

506 


5o«H 

1*27 

0*073 



5*44 

35 *-i 

0-545 

0*21 

5(a) Benzyl lodiclo (Currier- Cine : 

; llydro]lon). 


01 

402 

0-iK 

1*22 

0*2^2 

a 53 

07 

4*)3 


r*24 

»***45 

240 

(K) 

4 <).s 

5*8o 

t*22 

0*254 

■-^34 

04 

40 i 

0*i<) 

i*5<> 

0*023 

465 

00 

433 

5M0 

3*«2 

•2*11 

10* r 

(U 

4atj 

0*13 

r*i8 

0*200 

3r« 

03 


<>'57 

r3Hl> 

0*249 

39-3 

^5 

43« 

0*2JS 

1*32 

0*0224 

46*9 

5(5). Benzyl Iodide (Oarrler-Gue 

1 

1 



08 

405 

5*‘'H 

i '73 

0*501 

70*4 

(X) 

4<H 

<>7.J 

1*38 

0*0439 

332*0 

70 

43<» 

5*f<t 

T *70 

0*040 

18*3 

7t 

431 

5“)‘l 

T*50 

o*t) 5 ra 

20*8 

73 t 

43^ 


t*3(» 

o'O.I5 

Xf|*0 

5(c). Pbenjrl lodldo in Ifydrojion, 





.5n 

r-if 

30*8 

0*224 

o* 8 c) 

5»t 

5o<; 

<••53 

3 o*a 

0*377 

1*70 


* llg vai>wir prowttit. 

f Conlor-gue: NO. 


6 (a). Acetyl Iodide in Nitrogen. 




73 

40ii 

0*l8 

84*8 

0*517 

3*54 

74 

30a 

5*0J 

0 i *7 

0*5<t3 

1*84 

75 

364 

0*28 

47'5 

0*597 

1*41 

6(5). Beinzoyl Iodide in Nitroiien. 




0 « 

430 

5'37 

3-40 

0*619 

9*87 

103 

430 

0*70 

5*00 

0*600 

10*4 

lOZ 

430 

3*59 

4*04 

0*0468 

36*4 

104 

43r 

3'73 

5 ' 3 <> 

0*0468 

36-4 

»9 

390 

0*91 

373 

0*630 

3*03 

100 

390 

3*99 

3'C>4 

X*20 

8-35 
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TABLE L-^ontinned, 


1 \p No. 

Ti'iiip. 

lot.a 

Iniiiilo 

('ontaol 


no s, 

Ito u 

'Ittw. 



"(. 

luuu lunu \ lu-'. 

so*. 

\ 

Acotonyl 

Iodide lu Nitrojlon 




U* 

•PJ3 

7-M 

87*2 

.'•08 


K 

•PM 

770 


<>• ,00 

MM 

3<»*' 

•PM 

7*2 ^ 

33*5 

<»•<)( 4 <» 

*7*0 

37 

15* 

<>71 

-i.1*l 

o*S 4 o 

.M‘8 

03 

420 


37* 1 

»>•'!«* 

2- )2 

07 

3«2 

<»*37 

33-.1 

<»* 


<)f> 

3«.l 


23*8 

073 

0*45 

*IlK 

vapour 

prt»w*ut. 




Methyl Iodide in Nltrofion. 




130 

401 

0-42 

.P32 

o*(iJ5 

2*33 

*3' 

4‘)5 

•r*>7 

3*|o 

<>*5«5 

5**7 


404 

r)*5«> 

27f> 

0*31)2 

2*70 

Mi 

401 

7*CH> 

3*5»* 

r*5i 

7*8o 

134 


Cr«8 

ta*3 

1-03 

3*‘)5 


X 10-'. 


obscrvahJc at all—lor ethyl i<Kli(le in nitrogoii, to which 'Lible I (2) n*fers. 
Wc would not: vent lire to fiscrihc any of the vnriaiioiih ol ki here slw'wii (a|Kirt 
from Fx]I 8. 32-3,^) 1«» ilio e.orreaiK>iullug changcw in the reaction Viiriublch. 
A distinct rise to al>nnt twofold values ol ki is caused by the ailinixture ot 
NO in Kx]3S. 32-33. 

fn Tabh‘ I (2) tUesro also ap^icat values for /jm expressinf^ the rate «)C 
Hl-ionnation which was not t^ted previously. This reaction prticofsds nt 
a rate perceptibly cciual to that oE the formation of iodine, except in ICxps. 
32-33 where it sht^ws itself unatlected by the admixture of N<>. 

Takoir l>y thomsolvos the experiments in nitrogen would form a sufli- 
ciont proof for the presence of a pair of truly monoinolccular reactions 

(t) ^ -h r 

and (2) CjHJ - + 


tlio first of which leads to the Coriiidtioii of Ij, I'lu' procc^ss 21 I.) tuny 
be assumed to occiu* with l(^SH than too % yield owing to losses llkoly to bo 
caused by II10 l)ack reaction C^l L -|- I C..116L It may be thought tliat 
llic undiminished jiriiuary dccomi>osltinu (r) is ol)scrvod in Rx[is. 32-33 
wliore the NO pri'seut removes tho free radimls. 

This picture is eomistent with all llio later nxperienco on pyrolysis of 
iodides both in the i>reseuco of nitrogen and hydrogen, but it is not <nwy to 
Toconcilc with some of tho results ot Table I (1). ICvim admitting the 
possibility of a reaction sctpieiicii on tho liiu^ {• llg (vIL b D : 
H + CiTi^l «-j Call# -b hi Ekjw, o-io still appears to be iiuae- 

plicably high, c8][)ocially taking iuttj account tliai furtluir roiluction in 
contacb lime aiul increase in prossnro scoms to liioreaso hi oven more. Such 
difficultioH do JU)t recur tlirouglioiii tho wlwdc of the investigation rt»cordc<l 
in this and tho following paper. In view of tius fact (and considoring also 
that tho oxporiinonts in Table 1 (1) woro tho very first results obtained by 
the new technique utilisod throughout the rest of tlio jnvestigati(^n) wo 
did not think it right to suspend imh^toly tho detailed evaluation of aU 
the material hithei^ collected, but preferred rather to disregard for the time 
being the diGdculties which the intemotation of Table 1 (c) presents and 
to lay ail the stress on the xnass ox later experiments £mm T^ble I (2) 
onwards. 

Measurements on n-ptopyl iodide and n-butyl iodide, are recorded in 
Table 1 (3). Exps. iX2-xog-xo8-ii3 dxow that neither the variation of the 
iodide pressure nor the very large changes in contact time have sjiy definite 
effect on Ai. The formation of KX continues to occur as in ethyl iodide at 
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al)out the snine rate as tliat of Ij. The admixture of NO in Kxp. U5 
had no eUoct; nor did the replacement of Nj by Jla in 114 produce any 
change. We will rt'iuni U» the measurements at lower temperature (no 
and III) later. 

Ik'ir ;/-butyl iodide there is uftam a \vide variation of contact times in 
ICx|)S, lii-i 25-nS-i I .i without any definite clianfp' in [IDlomvitioii 
IS wmicivhul iurKer in proportion to 1..-lor mat ion and is loss rcproducilile. 

Comparison ol ethyl iodide in nitrogen \^ith ;e])n>pyi and «-lmtyl 
ifKlide shows a detinite mcrwise in the rate ol iiynilysis Ixith in the pnKlu'c- 
tion ol 1 j and ol III. l«\)r ethyl: ;?-propyl: « 4 nilyl kjixi 4^-5'' i ; : 7*4 

/<iii at 40.4“ I ; 5*0 : 11 •(>. Exiia|K)Jatinft the data ol Ell to 440” by uso 
ol temperature coelllclent ev«iluated from Table I (r) we obtiiin for the 
ratio ol ki at 440“ 1:47: 7*0. 

'fablo I (4) (rt) shows lluvl allyl iodide decom^sises niucli more readily 
than any of thosi* prcvi<uisly described. At 404 <lec<)in|K>sitiou w?i 4 almost 
()0 A )» si) tluit in order to obtain more moderate dt*com|K)Hitiou lower tem¬ 
peratures luul to 1)0 chosen. l^xi)s, 77-78 show the alisencc nt any etloct 
of iochdc-iiressure on tlie rate. The comparison of these results with 
Kxp, 80 revmls a lourlold increase ol ki caused by a twelvelold reduction 
of the contact time. Kxps. 84, 78, 82 and SO, carried out at the lower 
temperature of nliout 350“ UKain show ki as iudei>cndent of the iodide 
pressure. Cfimparing lC.Kp. 84 wnth Kxjw. 78, 82 and 86, and the latter 
with Kxps. 8<> and Si, we si»o also that tho nsc of ki with diminishing contact 
time luis become less markecl -il not altogether negligible. Witli a further 
lowering of the temjxjnituro to alwut eoH” (ICx^is. 83, y\), 85, 88) tho de- 
pctulcnco of hj on contact iiine iHUXimes quite mqiercept ible. Thus with 
decreasing tcmjieraluro tho kinetics of the reaction appear to conlonn in¬ 
creasingly well to live mouoinoh'cular scheme. Ji^.Kira|K)lu(ing tho rate of 
pyrolysis of »-propyl iotli<le ilown to '208“, tlie rat5c> ol ki lor «-j>ropyl; allyl 
can be calculated at alxntl l : X40(K), 

The striking incrcaso iu the rate of pyrolysis olworved in ^wwing from 
tho saturated iodhles to ally! iodide is turntrasted by a considerable varialion 
iu the oi)[)osite direction in the case of vinyl iodide—'rablo 1 (4) (6). At 
the standard tcm])eraturo of 493'’ no docoitijposition could bo ol)scrvcd. 
The highest accessible temperatures (5o6'’-5o8^) had to bo applied in order 
to obtain a measurablo result* While no great accuracy can bo claimed 
in these cirounistances, Exps, ()x-<j2 leave no doubt that hx la cozuddorably 
reduci^d hero as comparetl e.g. with ethyl iodide—^Uio rates for both Bub- 
BtanciiH l>ciug oxtrapolatod to the same tempomturo, 507®. l»'or tlio nitio 
ethyl: vinyl we calculate kj about jO ; x. 

Next wo come Table 1 (5)—^to benasyl ioflido and jihonyl iodido. 
Bensryl Iodide was measured both in hydrogen and in nitrogen at two 
temporatures; In I£xp. 73 NO was usotl as ooirior gas. At 403'* tlioro is 
both for Hi and Ns carrior gas a deviation from the monomolocular form 
in tho souse of higlier Ax values being obtainod at shorter contact times; 
but again this bohaviour is much reduced by ioworing tho temperaturo, as 
the experiments at 430^-4 31® indicate. Xlxe proacnco of hydrogen 
increased the production of I| almost twofold lioth at 493® and 431®; 
while NO shows no oftect at all. Comparison of tho rate of pyrolyris with 
that of ethyllodide at 43 £® (taking botli iodides in nitrogen) yields for 
ethyl: benayl Aj about i: 4800, 

In the experiments with phenyl iodide there was again no observable 
dccomi^tlon at the standard t^perature of 493®; but we obtained 
pyrolysis at 510®. We may estimate for phenyl: ethyl Ax about t: 3. 

Aad iodides were tested by the examples of acetyl iodide mid benzoyl 
iodide. The sensitivity to light of the former compound caused traces of 
iodine to be formed even without pyrolysis. The observations in Table 
I (6) can justify nothing more than the claim that at tho temperature of 
493^ At for acetyl iodide is around 2 to 3 x xo**. Benzoyl iodide is seen 
to be xar more readily decomposed than acetyl iodide* Howeveri at 430 
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there occurs an almost fourfold increase of kj when cf)nlact tunc is rcductsl 
twelvefold, and a similar feature is prcHcMit at .590" ; which make's kx as a 
moiiomokimlar react Ion consiant very uncertain. S’ot we may note tluil 
while the dccom|)ofiition ol acetyl wxlide is about twice ns tast as that ol 
ethyl iodide, there is about a 2ooo-fol(l increase of the rate ironi ethyl l<» 
l>cnzoyl iodide-wnnparinf? tluNo two mibslaiicw at .V)o' J'l^d takinjL» the 
shortcut ineasurtsl time ul contact Irom Table I (<») tor l><'n7,{)yl io(lid(\ 

J^'lnally we mhi some olwervations cm aeetonyl iodide and iiudhyl 
iodide. We Jxad oousiderablc ditfioully with the foinuT Htd>hhinee on 
account ol the decom])uHition which it undert^oes by li|*ht and I'ven on 
staiidiiiff. Vot Table I (7) tiiay rejisonably inchoate th<> I'xisitioii of this 
compound among other iodides. It lies between. Iwnzoyl and ly-butyl, so 
that «-butyl < ocetcmyl < l^enzoyl \ roughly in the ratio i : i| : 70, 
While methyl iodide gave no repn>diiciblo rc.'sults, its pyrolysis provcKl very 
distinctly slowcsr tlian that of ethyl iodide. T'ho niojm rate coastaiit 
4*2 X 10"* soc,"*^ is nlwut 3 limeys U^ss than that of olhyl iodide. 

Wo may use the observations listed almve to derive in some cast's the 
temperature coelTicionts ol the rate of pynilysis and hence tlio activation 
ouorgjy of tlie reaction, h'or »-])ropyl iodide and u-butyl iodide wo liavc 
sulficicmtly reliable data for two temporatures fn>m which wc calculate: 
for «-proOTl Q 52 kcal. and for «-butyl Q « 53 kcal. This lends support 
to the value of eimilar ma^tude, Q «« 55 kcal., obtained from the otlwr- 
wise less reliable Eacps. 3, and 6, 7, U for ethyl icKlide, 

The mcasuromenta for allyl-, benzyl-, aud lustizoyl iodide and acoionyl 
iodide all aliow at higher temperatures a variatioii of ki with amtact time 
which makes the calculation of an activatlan energy uncorlain. Since in 
view of the conditions of our experiments we can exclude errors wliich 
would increase the rate of decomposition, wo consider the higher values 
which are observed at the shorter contact times as nearer to the truth and 
have selected the data for calculation in accordance with this view. When 
we combhie for allyl iodide the average of the expcrinwnits mode at 298® 
with (<») Exp. 81 (b) Ex].!. 89 (c) Exp. Ho we obtain for Q («) 39 (b) 27-5 (c) 
34‘0. For benzoyl iodide we may rationally choose (a) 6i) and O5, 

and (6) Exps, 6g and as roprosonting the liighcst values of kt for both 
temperatures and carrier gascss. Wo obtaiu fur y (a) 47'«5, and (b) 48*5, 
For benzoyl iodide ihe most rational seems to be, on similar grounds, to 
choose Exp. 99 combined witlx the average of 102 and 104 which Iciuls to 
Q ^ 53 J altcsrnatlvoly we obtain from lixj). 99 and tlxo of 98 and 
103 Q cr: h\)r acoionyl iodide JSxfw. 36 and 37 yield Q ^ 27, 

Eoforo disciiHslug thcho values, wo nuxy try to derive activsition onorgies 
by the altomativo method of xising Uio wptaUon for the mto oi mono- 
molecular decomposition k v« wlu're y is usually alujul io«, Thf^ 
difficulty Is hero tlxat wo do mt know for oortalu wlmt fraction oi the 
primarily formed iodine Is lost by rocouiblnation eitlxer wliilo tluj gas is at 
the reaction temperature or during the subsotiuoni phase of cooling. Ten- 
tativoly oHsumlng that recombination is negligible, at least at Uxo lowest 
temperatures and pressures when conformity to the monomolocular form 
was closer—and limiting otirselvos for the sake o£ unifonnity to the resulte 
m nitrogen—we obtain from kx« io«e*-Q*/fMP the scries of a* vtilucs listed 
in Table XI. 

Now i£ the yields of iodine were much less than the assumed value of 
r^ty, the energies Q* would be considorably higher than the true activa¬ 
tion energies; a yield of 0*1 for example would cause Q* to be too large 
by 3 kcal. For a number of oompotands such an assumption seems un- 
accepjable. For wjttopyl iodide and n-bntyl iodide the activation 
energiee calculated mom kx « lo^e^D'/JW at the temperature of 493® are 
49;$ and ^-9 kcal. cespectlvely, which values scaarctfy difier from Q* 
oalc n la t ed for the lower Wnperature and listed in TaWe II. This fact is 
reflected once more in the eafisfactory correspondence between the enerries 
Q* and the activation energiee 5a end g 33 calculated from the 
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TABLE II 


UkUUo. 

^1* kcaU 


r(i% p«n. ‘iw. 

Wothyl . 

. (u) 

M 

5 T() 

Ktli>l , 



4«0 

«-l»lupvl . 

. ^0*0 

2‘>0 

457 

«"JUityI . 

. 4t)'0 


44 ^ 

iio-J*ii)pyl 

. .|f»‘T 


j‘)« 

l(*rt liulyl 

. 

go(K> 

a «5 

Ajlyl 

• 

(tJtXHK) 


Vinyl 

• 55*0 

<»’3 

5 - 2 'J 

B<Mizyl . 

• 437 

23000 

J«K> 

Phenyl . 

• 54-0 

»4 

510 

Ac'otyl 

« (507) 

r(x> 

445 

Benzoyl . 

■ 43 -*) 

rHooo 

.$<>0 

Acelonyl 

. 45-0 

9000 

i »5 


ioniperaturo cooflicioiil dcrivocl from tlic wwuo data. 11 leaves uo nx>m Cor 
the assumption that Iho Iruo siciivalion energy as noticeably leas than y*. 

Wo aauld try to get neater to the truth about the reduction of tiio 
yield due to tho l^ack reaction by using our observations in the prosonco 
of NO. Its inoliectiveiiess in case <if »-pro\>yl iodide might be taken to 
confimi tho assumption that the yield of incline is unreduced in this ease; 
while from Exps. 29, 30 and 32, 33 on ethyl iodide it might l)o suggested 
that for this substance tlio yield is reduced to alaont 0*5, This would moan 
that Q* for ethyl iodide cxcwkLs tho activation energy by i kcal. Those 
considerations, however, would strain tho present evidence too far~ 
particnlarly iu view of the uncertainty of tho value of the iactor v and of 
its possible variations trom one substance to another. Comixiring tho 
value y* -a. 44 for benzyl iodide with tlio y-voluos fnim iho iompesmturo 
coefficient ((a) 47*5, and (b) 48*5! there again seems little x^wsibility for the 
activation cner^ to bo markedly less tffian 0*. 

In the cases of allyl and benzoyl iodide the Q values axe too scattered 
to justify compatisonB with Q* ; but there is nothing to suggest that the 
behaviour of these compounds dUSers much from that of tlie others already 
discussed. We have assumed this behaviour to hohl also for vinyl ana 
phenyl iodide for the purpose of consbructing Table 11 for the extrapolation 
of the ki values for vinyl and phenyl iodide to 430® by use of a tomixamturo 
coefficient derived from g*. 

The mean value of 54 kosL dven from Q* of methyl iodide results 
from tho ezperimonts Ustotl in Table I (7) from which values ranging from 
53 to 35 Imal. were obtained. 

Comparisons between the values of Q* and Q can also be used to examine 
the possibility of tho observed rate, as postulated by the theory of mono- 
molecular reactions, Xalliug short of tlio limiting rate for high prt>sHixros. 
The kind of argument we have just use<l applies here with even greater 
force, ainoo if the rale were limited by energy transfer we should Imvo to 
postulate that the correct aotivalion energy is less than Q* and higher 
than y. We see that^ at least for the two compounds fi-propyl and n-lnityl 
iodide there is no room for such an assumption, and that it is also contra^ 
to the lees reliable data for ethyl, allyl, benzyl and benzoyl Iodides. 

We conclude that though some inaccuracy of our rosiutB on account of 
the recombination of R + 1 and of the possible insufficienoy of energy 
transfer cannot be excluded, these induencos cannot bo of suffident magm- 
tude to account to any considerable extent for the range oC variations in 
the rate of pyrolysta wmeh we observed. We attribute wereforc this range 
--which is represented in Table 11 by the ht (430^) values ^culated mr 
the temperature of 430" (at which the largest numb^ of common obseorva- 
tions were made) as wdl as by the calculated tempemtu^ %perBec.) 
at which kt would have the common value of x % per seoond—to the 





UA'rKS OF PVROFYSlS AND IUjND KNKR(ilKS 


variation in th© primary rates ol ilcconiposLtum a{ the C — I bond in tho 
ciilfcrcnt compounds. 

Bond KnerfiioR and ** Bond Enerfty Torms 

Our use of the (Mpuilton it, w implies that Q* is tlu* riun'jjy 

rcciuircd lor brcaldiifT the —1 IkjiuI. W<‘ will ronsuhT, tht*r<'lorr, that 
the in Table HI reprosent* the Horn! Fnei^^ios Ini (he vurlmis iodides in 
question; t/w —/ /ioHt/ fjnti/f dilnmi //s' the dhsocUtHon n/ 

the moletide into tt jrcc radiral amt an mime atom. 

hi (his icleniilication o£ the activniinn emTf;y y* w ith the Hoiul Kneo;y 
[D) we apjily the usual conception oJ a chetuicul bond <icrivc(l from the 
theory ol diatomic nioletuilcs which posiulal(*s an energy curvt' mono¬ 
tonously rising from the normal state to comiiletc dias<K’.iation. We note, 
however, that for hexaphonylethanc fj* luis been ol>ser\'ecl to bo « kuiL 
in excess of J) for tlie ctliatu' linkage, l^ut this case may l>e coUHideriHl 
as exceptional in various rt^spccls. b\>r one thing tlu*ro is likely to be 
present (os a h'iblicr iikkIcI of hexaphenylcthai\e clearly demonstrates) a 
vory conhidcrablo atcric hiiKlrauco opposing the lorniation ol the ctluine 
and this may cause considerable repulsion to occur holoro tJie 
vuJcnce iorco begins to become ciiectivo. In any case wt do not loci tluit 
the deviation from g* -- i) lor hcxaphenylcthano necessitates any serious 
rcHervatiou in tlio icleniilication of these two magnitudes for bonds ol a 
more usual character. 

Turning now to tho theorem first postulated hy Fajeuus * and eJalK^ratcd 
much further by Sidgwlck * and Pauling • according to wluch tho heat 
formation of organic compounds from free atoms can lie reTireseuicd sis 
tho sum of constant contributions characteristic of each clicmical link, we 
note first that the validity of this tlioorcm constitutes no evidence for tho 
existence of a constant boat of formation of the bonds covered by its scoix^. 
Take two kinds of bonds formed, say, by carbcjn with the two diiicrcnt 
atoms X and Y. Whatever the variaLiou may be in tlio cucu'gies of the 
C—X and C—^Y bonds with the position of the Otilom, no doviatimi from 
the additivity rule would result, so long us the variations are equal for both 
kinds of bonds ; the additivity rule merely expresses tlie constancy of tho 
substitution heat AX-f« in the reaction 

r—X + Y C -Y + X « AH. 

indopondenlly of tho position of C, 

It scorns higicol to express tliis stale of oilairs by designing tine constant 
contribution attributed to one chemical link tho Dmid linefgy Tenn of tlmt 
link AH distinct from tho lUtml Hncrgy {!)) as defined, e.g,, above for the 
C—1 bond. . 

Tho evaluatioii of Bond Energy Terms Hiorts from u comi)ouud con* 
taining only ono kind of bond (s.g. Cll<, tX'Ji) and pnxicods by dividing up 
the h^t of formation ol tlie molocnlo by the number of lionds present. 
The Bond Energies of C —Ht C —Ci, etc., in CHi* CClti etc,, on tlio otlunr 
hand, are defined for tho breaking of one lK>nd only, and may thus diticr 
considerably from the corresponding Bond Jinergy Term, 

The investigations of Kos^ ^ on the heats of combustion of tlio oli* 
phatic hydrocarbons and of primary olcohols deiived from these have 
proved the existence of some remarkable deviations from the additivity 
rule. They can be expressed by a steady decreaao of tlie substitution heata 

- H + CH,- - CH. + H 

and (C|iH)iii.}.i — H + OH — OH + H 

A Fajans, Fsr., igao, 643; 192%, 55 * ^826. 

* Sidgwlck, The CoPMent iMih in Chemisiryi Cornell, 1933. 

* Famish The Nature tf the Chemical Bend, Cornell, 1939. 

»RosaJiiI; Bud, Bitr. Standards J. Rsseareh, 1934» a9. 189: Kaowlton 

and Rossini, ibid., 1939, 1x5. * 
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with n increasing from i onwanls, the main change being I'Mil'Wccn CHj and 
C.iH# anil apiiToximato constancy l)euig rcvicliwl alter ft 5. Other 
deviations from tlio additivity rule were discovered by Kistiakowsky " in 
the case ol the licnils (i) of hyttrngeiiatiou, and (i) ol bn)iuination ot olefines. 
'Ilii'K' can be cxjn'osscd again, as Daugluin and Polauyi • have suggisded, 
its a variation «>i the «id)stitution heats ol a ('--II huk with varying |iosilioii 
of (lie carlxni. 'fUe oliserved ciianges iu the lient ol hydnigonatiou sure 
I'xprcsHwl in th(‘ resiction 

fl 

juev- liftC 

. K-Il' C,ll.„r j . li 

a 

for the same a csxrlMn jxisitinn as explored by hydrogenation. 

Wo thus luive evidenco tliat the dilterencefl liotwcen IxmcJ energies vary 
in simple hydro-carlxms find in substituted hyclrocarlMms : but so far this 
leaves us in tiie dark as to the variations of the imlividual vsilues. i)t‘fiiiitc 
indications—if only ol an api)n>ximate nature—o! wide variations in bond 
energies were tirst jKistuUitcrl by Ogg and J*olanyi Ironi Iho variations in 
the rates of rcaciiou between organic halides ainl socliiun vapour olworvcd 
by Hartol and i^olanyi.’^ More recently i 1. S. Taylor ami Smith ** derived 
similar conc1u.sions from the niarkcnl vfiriations in the mte of reaction of 
moiliyl nulicals with hydrocarbons. A fall in the bond energy of C— 
was tj[uito recently e-oiifirmcd and quantitatively fixed by more direct 
xncthiHls. D. i\ Stevenson ■* lias given tlu' values as I )(<Ul8 - 11 ) xor aiul 
D((%n«—H) ‘. 96 while indopondonlly and by dillcrent methodB Anclorson, 
Kistiakowsky and van iSistdaleu cjhiaiu D(CII,—H) coi and 

H) kcal. 


Bond Ener^es and Activation Energies. 

It was one of the main purposes of this investigation to test the thoo- 
retioal conclusion tliat the ob¬ 


served gradation in the rate of 
the reaction between Na and 
organic halides is duo to a cor¬ 
responding gmrlation in the 
energy ot riio luvUdo bond. 1'his 
postulate is iUuairatod by Idg. 2, 
taken from tlio above cited 
paper of Evans and Pc)lanyi,i» 
which roQecls tho simpiiiication 
achieved by neglect of repulsion 
between the N(i and Cl atoms 
in (the initial liall of) the traiisb 
rion state. Ttio variation 
in the activation energies & 
connected here with the varia¬ 
tion AH of the heat of reaction 
by the proportionality relation 

oAH 

o < cc < 1 



Fxo ». -(xAH, 


« Kistiakowsky ot ahl, /.- 4 .C.S.. 1936, 58* 137 I i 037 * 59 » «3i; 1938,60, 440 
^ 7 ^ 4 - * Baughan and Polaiiyi, Nature, 1940, 146, 683. 

« Ogg and Polanyl, Trans. Paraday Soc., io33, * 375 - X^rther dovoloped 

by Evans and Polanyi, ibid., 1938, 34^ 11. CalciilationB based on this theo; 
wm carriod out lor the Na -b Methyl halide reaction tiy Hvens and Warhun 

?; ^**25- 5' ; *93*' =f39* 

« K S. Tayto and bnn^, f. % 390; 1940,8,543. 

^ Anderson, Kistiakowsky and Artadalen, ibid., 1942, xo^ 305. 
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■whero the value of a depends on the relative inclinatiotiH of ihc attraction 
curve R—Cl and the repulsion curve R ... Cl" at tlie point of mutual 
crossing. Since the latter curve is Iwund to be much steoiKT than the 
former, it follows tliat a is always smaller than i, 

'rids dwivution iin]>Ues that cliauRes iu the bond euerffy will bo relU^cUnl, 
in thoreMiou of the "crossiiiKS ** and 1 k‘1o\v tluit, by vertical [liinillel dis- 
placonientB ol the poUmtial curve. I'liD W(»uhl be stricUy true \i the 
variations of bond oueri^y wen' due eiitirelv to \imitiionH in the n'-*onanee 
ouergy of the irco r*wlicsil,wluch would leave the jwiteutlal curve unaiteidiHl 
in regions near tlie hollow of the curve. Actually llu*re is alwajv a C(U*t(dn 
amount of rosouanco present iu the undissocialed Ixirul and in corlain wtat's, 
like the vinyl halides, tliis rosouance-'and Us al).senco iu tlxo frt'cra<lical~ 
may l>o entirely responsible for tlio variation iu tK)ud strengUi* Tu this 
case, and iu general whenever sul)8titution aitocts resonance in the ui)<* 
dissociated state, this intlucnco must vary to some extent with nuclear 
separation and a change iu tli© shape o£ tne energy cruve in the region of 
the equilibrium distance will follow. 

It seems, however, scarcely worth while to attempt the very \uioertain 

evaluation of these deviations 
from the siiuplo scheme of 
I<*ig. 2, since they are not lllcoly 
to alloct the first approximation 
attempted here. Wc have 
therefore iwocccdod to evaluate 
the scheme indicated by Fig. 2, 
for which purpose wc calculated 
the curves shown in Fig. 3, 
These relate to the reaction 
Na + aCH# « NaCl + CH^, 
The chlorine compounds arc 
taken here instead of the iodine 
compounds because the grada¬ 
tion of the rates of reaction 
with Na-vapour is much moro 
widely spaokl for the chlorides 
than for the iodidos, and hence 
it is desirable to transfer the 
argument to the fornior. This 
can 1)0 done by using Uio groda^ 
tion of the C—T bond strength 
SIS rei^rosojitlng also the grada** 
idou of the C—Cl homi strength, The impUod aHsum]>llon of a constant 
substitutiou heat of C—I by Cl is suWlciently well supported to justify 
this move—whioh certainly can cause no serious error iu our coucluslcms. 

The curve in l^g. 3 reprosouts the C—Cl iHUid, according to n Moiso 
functfou with D c.- 83*5, -a i-yfiA, coo — 710 cm.-* and lumce 
a tm t*66 X xo*. The v^uo of D corresponds in view of the known thonncH 
chem i cal data to JD » 54 for CITgl. The repulsion curve between Cl- and 
CH« was csdculated in accordance with M. C. Evans and E. Warhurst by 
the equation 



E 




+ 


using oe» 2*2 X io-»* ox., and (for the deteraiixation of b) r® »■ 3 *oia.* 
The activation energy as indicated by the crossing point in Fig. 3 would 

* This value is the stun of the CHt xadius X'40A as used hv ISvana and 
Warimxartw and the Or xadiui of x^Ca eettoatsd from (deottondifibu^tbn data 
of gaseous alkyl-halides by lifaxwell, Kmdri^ and Modey, Pkysk. X937, 
jPi 968 (see Baugham and Pdanyi, Trefif. Fmtday Sos*» 1941, 37i 848), 
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be lO-o kcnJ., which is somewhat higher tliaii the experimental value of 
about lo kcal. The diliereiicc of 6 kcal. may l»‘ accountocl for by transition 
slate resonance, winch in the theory representtnl by Eipf. a Is snpposcHl not 
to vary wilU the nature of \i and to have therefore no inllueiice on changes 
of Jt with varying K. Accordingly the coefficiont a in A A -- aA2/ 
remains rcpresenltMl by the ratio of the inclinations f)f the two curvos at 
the crossing |x>inl/' and can bo estimated from h'ig. at the value o^iy.f 
An aiteitt])! to plot the observed »ictivatii>ii energies of tlie Na H CIR 
rcactioti ;us I unctions of the onrcspoiuling O-l Isnid energies (os n^re- 
sonling Ihe gnulatiou of tlio C— <*1 l)ond euergiosj leads to h'ig, 4. IJero 
arc inchuk'il tlie two compounds ijfc-propyl iodide and Mnityl iodido for 
which Ihe bond energies arc derived in the following paper aud the four 
compounds acetyl, acolonyl, benzoyl and btuizyl ioilides 1* —for wluch the 
activation energies arc 5*0, 2*0, and 0*9 respectively—are left away 
because the values fall into an altogether difiorciii region. 

The compounds sliowiiin the figure arc ailyl, 1-butyl, iso-ptopyl, n-butyl, 
n-propyl, ethyl, phenyl, 
vinyl iodides. They com¬ 
prise all tlie pure liydro- 
carlKins mcasurwl in this 
paper, and the next one for 
which the rate cif the Na 
reacUon, ia known. For 
this gniup the evidence in 
the hguro is cousistenb 
with a linear relationship 
of the form AJK — otAH 
where a *=» o-zS ± 0*015 
oorrespoadB to the mini¬ 
mum of squared devia¬ 
tions. This value of tt seems 
remarkably close to tlio 
value a 0*27 derived 
theoretically from Pig. 3, 
but even wthout rdying 
in any way on this close 
correspondeuce, it would 
seem that strong evidence 
has been found here for idle 
mechanism of the roactionu a 

of alkali metals with or* 

ganic halides us postulated by Ogg and Polanyi. The evidence will also 
strengthen the case for contdclering the kind of linear roTationsUip of which 
Fig. 4 is a particular instance as fundamentally dotorminod by tlio ro» 
laflonship between reaction heat and activatwm energy in the sense 
aug^ted by Evans and Polaujd.^i* 

It may be objeotocl that the compounds in Fig. 4 represent a selection 
which is not justified by the theory. This is true of the original Conn of 
the theory as represented by Pig. a; but a note of Evans and Polansd 
has recently pointed out theoretical and experimental reasons for extending 
^ theory by taking into account changes in tranaitioa state rosonanca 
due to variations of R. In a reaction Na -f- XRX 8=^ NaX + RX there 
are three structures, instead of the usual two, resonating in the ttansitiott 
state: 



f If tan Y and tan 9 be the inoliiiations at the crossing point 

** t'^om unpublished work in these labotatorios. 

« Evan, uid Pojaayi. Parade^ Soe., 1936, 39, *333. 

** Bwu and Pidanyi, Naturt, 1941,148,436. 
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(1) Na XJ^X,. 

(2) Na»X- KXi, 

as well as (3) XK Xi“. 

TlicollcH't f)I (heiief»ativ(‘sul)siituent X is thusineaiiM*an depn'ssion 
ol the iU'tivalioii enrrf»y b(‘l<»\v llio ** crfishinji point,” and llius to tu i elomtc 
tlie miction Imyond Lhe rate ^^luch i( woulil have in view t»l lhc» liond- 
cnorj^y if lhe relntioiiship Aii aA// held. This elfivt ol nep,alive 
sui>8Uiiicnts may well explain all the fleviations iioiu the linear it‘lation- 
bhip estahlislu'd in Idj^. 4. We note in ])iiiIiniKir Unit all deviations re¬ 
present mtcH tluui fjjivcn by the slnu^ht line; tliat all the deviatiiif; 
compounds (exccjit lien/yl iodide) tMUiiain snbsUtnenlH, known to 
negative character, and tliai convei-sely all compounds coutainiuj; negative 
sukstitueiits show marked deviations Iroin the si might line relationship in 
the expected direction, 'Hns statcmcnl includt»tt the experimented material 
both ol tins ami tlie next ]->apcr. The kicl tluvt licnzyl falls into the nega- 
tivoly substituted group o£ radicids is surprising, and will recpiire exidana- 
tion; but we do not feel tliat this iact got^s tar to invalidate the seheiuc 
fnim which it forius an ai>|.wirent exception. 


Bond Energy and Resonance, 


We follow liere the load of the theory first proposed as an explanation 
of the existence of tree radicals by Httckel and by Pauling,acconling 
to which variations in bond energy are to be attributwl to changes in the 
diilcrenco between the resomnee energies of a molecule held togeihiT by 
the bond in question and the two halves of the molecule resulting fnnn tlio 
splitting of li.0 tend. Witb^ few oxcoptions the changes in bond energies 
which wo have observed can be accounted for in this sense by some 
previously known form of resonance, 

A fall in Bond Enei’gy from CH^—l to ClfiCHg—I was first postulated 
by Whdand ^ on account of an additional resonance duo to the substitu** 
tion of one H atom by a CHg group. This can be written: 

(1) a CHtf-CH,. j 9 11 . CHa . CH, (3 times). 


Wo take this to bo the explanation for the observed fall of /> from methyl 
to ethyl iodide, and wo would extend the sclxoiuo to inclmle tlie lurther 
tall of D ol)serv<Kl for «-prf>pyl luid ;i-butyl iotllde, as follows; 


a 


aOllr-ClIr'fH, 8 CIl,- ClI, ni, 

(3)«(UIr'Cll,--CJI,-ni, 

n> 

y ai, -air-Cll CH, (a Unict.) 


II* 

y at, ni 

fi cu, -cjig* cii, ai, 


SII’C.H, ('ll, CIl, CIl,(j liuuw). 


It seonui liMy that tlw j} fonu poKtulatod for Uio }i-]>ropyl radical adda 
more to the resonance energy than the corroHjminding /i form of oUiyl, 
since the energy ol tho former is lower by tlic (nifcrcnco between a 
aud a Cr-C bond. In case ot resonance (5) wo have Uto number of resuu* 
ating forms increasing from 4 to 7 which may well iucretue tho roHonanoe 
of »;batyl over that of «-prupyl. It seems reasonable to assume that tiw 
mag^tude of this kind of resonance increases further on those lines with, 
further lucreating chain length. This seems indicated by the fact that in 
the case of bydiMarbons and alcohols Rossini found variations 

in the substitatfon energy with Increasing normal chain length even as fhr 
as the fifth carbon atom. 


»B,Hltckel,Z.Pit 

M Pauling and 'Wbe 
** Wheland, fbti., 1934. ^ 474* 


y»<«, 1933, 36** 
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To avoid rciH^ating tho arRumont on this ]K)int later we inclnde lu»re a 
reference to the to-propyl and Mmtyl radicals which \voha\e alrondv 
briefly discusswl jn roiincriion with h^i^. li has beim ]K>in1c(l out by 
Whclaml that tlie niitnber oi n'soiintinj' fonius iiicrcasi*s in ihe seiies elhyi» 
tso-propyl, Mndyl Iroin ihree to six and lo nine. This should cause a 
stciuly increase in resonanc<* energy and may explain the oKserv^nl steady 
tall in the bond enerf\y. 

Our results lor allyl and benzyl i(MUdes can 1 k' coniiuircHl with the 
preilictioiiHol Pauling ^'‘and of lUUikel,'* coiicernmg the resonance between 
a liee valence and a clouble lioiid in jS-position to it. The rcsoiiaiice en<T/»ioH 
were calculated by Coulson and by Ihiulini; and Wliehiud i** at i5s) kcal. 
for allyl and 15 kcul. ior bcuiryl radicals ; while wc3 found a reduction in the 
corrc'spouding C'—I bond <Mierf»y ol 15 kcal. and ^ i kcal. respectively. To 
complete tlic coiupurison wc should, however, yet coasider the ionic reson.- 
an<x‘ in the undissociated bond, to wluch we nder in t ho last clmpter. Our 
values for vinyl and phenyl iodides coiifirtn the existence of the tollowinK 
kind of resonance assunied by IViulinp; •* to acr.ount lor the shm-tening o£ 
tlio C-Hal(j#;c3n bond-louRth and the reduction in the dipole numiente of the 
vinyl and phenyl halides when (‘om])arcd with the methyl halides : 


CIlj Cn— X CHa CU A 




and 






This degeneracy should cause tlio ('—I bond to Ixi strengthened os com- 
jMured witlj the CH#—1 bond, as we, in fact, find it to l»e for vinyl iodide. 
In the cose of phenyl iodide tUcro is a possible ollsetting eticxit duo to the 
following dogeueracy of the idienyl nvdical: 


o o 


M, G. Evans and E. Warhurst suggest that the magnitude of this reson¬ 
ance energy is of the order of xo kcal., but our experiments indicate a much 
lower value. 

In H)uie of the inaccuracy of our value for acetyl iodide we think that 
we have eslablishod tlmt the C —I Ixmcl energy in this <x>mpound is not 
gxeater but ratlier less than ttmt in ethyl iodide, which ndscH some ita* 
nortant points. In view of its a double l)ond, acetyl hxlido should shirw 
the same resonance as vinyl iodide, 



Cll 



and hence its 0—1 bond should bo much stronger than that of ethyl iodide. 
'The fact that this is not observed suggests that the oHoot is offset by some 
other factor. Observations on dichloro- and dibromoiodo methane to be 
described in the following paper indicate that the presence of halogen 
substituents lowers the C—I bond energy in these compounds, U this 
were due to the electron-attractive nature of the halogen atonui, a similar 
effect could be postulated for tlie 0-atom in acetyl iodide, and tMs would 
offer the requir^ explanation. 

Coulson, Proc* Roy* Soc* A, 193^, 1(14, 383. 

Brookway, Beach and Pauling, J*A,C,S*, 1935, gy, 2693; Ikockway and 
Palmer, ibid., 1937# 59i 22x87. 

2 
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If X is a uegative sulwtituent, the followitiR resonance may arise in the 
free radical and contribulc to its stability as follows 

II n II 

X : C • -X: ‘ i! ' 

ii li ii 

Gt p Y 

which can also bo wrilioa by the use nl a three-electron lioud (using the 
symlxd ot three tlc»is siigneslcd by r^uliiif* ft)r this kind of link): 

XCHj. X--‘CIl3 

a p 

The same kind of resonance will be much less markctl In the alwonce of a 
lone oh'ctron, when the rarlical forms part fd a molecule. The dif- 
forcnco reduc«*s tiro energy of the Ivmd. we may assume tluii tlu* t‘liect 
will ilci>end on the stability ol ihe l<mn p in the above resonance fonuuU» 
i,c*, on th 4 ‘ negativity nianifestcsl by the Hiil)stituent X, and we may e\“pect 
Uicrefoie that another strongly negative sulwlitueni like t»xygen’will fwd 
in the same sense ami weaken the strength ol an associalcd l>on<l (' —f. 
This would explain that the bond energy in acetyliodide is weakened - 
instead of sirciigtliencfl—in comparison to ('llsl. 

In benzoyl iodide tlie situation is even more c«>mplex. In addition, to 
the two op|X)sing resonance ellecis nmnifestod in ('il#('()i, we may (‘xpect 
to find hero also a weakening of the lH)iid duo to ri*sonauce with a p un- 
aaturatlon. If the ellects corro 8 ]>on<ling to the acetyJ-struclure and to p 
conjugation were additive, the bond energy should lull soinewluit short 
of that observed in benzyl iodide; our resuits indicate tlud, in fact, it 
about coincides with the latter. 

In acetouyl iodide wo might oxjxjct io see the apjicarance of ri'sonance 
duo to a p conjugated double bond. I'o thi.s will bo adtied any eliocts that 
p snhstitution. by a negative particle may exorcise. Evidence tlwit sul)- 
fttitutiou by a halogen atom in p position does weaken a l>t>nd will Ik‘ given 
in the next paper. Wo may explain this by the rt*soniui('e : 

+ 1 -I 

a p 

Tlio oxygon atom in jS-po-siLioii -as iu acelouyl iodide may 1 h' ex]>octcd U) 
have an iniliiencc similar to thai ol X. 'Phe rmluctlou ol Innid energy by 
about lo kcal. olisorved for acetouyl iodide is thus ststii io repicisent the 
Slim oC two tyfxjs of resonance. 


Bond Energies and Substitution Heats* 

tSubstitution heats are dilieroncos of lumd energies, l^dlowing RaugJuiu 
and Polonyi, we have set out iu Table TH a system of sulisiitutioii heats, 
all of which were related to tlie ('--H link as tlio initial state. Once ilie 
al^lute values for any one kind of bonds become available, all the bon<l 
energies r^esen*^ ui it can forthwith be caloulatod. While tlio 
bonds whidi we investigatocl hero do not form part of the system as it 
staa^, yet the results obtained for these bonds can bo used to ilurow light 
on the gradation of the C—^Br bonds which do form part of it. This was 
done by lltoughan and Poloayi by using the assumption (for which they 
adduce evidence) of a oouatant substitution heat of the reaction 

C—I + Br «= O—Br + 1 + 147 kcal. 

We tove thought it useful to reproduce the resulting table ol bond energies 
in the present context, with sucui revisions as more recent observatiions and 
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*f»-butyl wotf not included in iho oiigixml table oi I^iuglum cinti Fciliinyi 
'I'hc figurus given here for Rulxhiilulion hentb arc* calculaiod front the Kumo Hourc(*h 

ilU 5 moro detailed anal 5 rai» of the experiments allowtMl us now to make. 
The main tlillorenco betwijen our ta])lo and the previously published one 
comes from the fact that we rufraine<i iroiu hinoothing the oltscrvcd values 
beca\iBC we C^t doubtiul whether this rather <x>nsi<lcrahle correction is 
sufiicieiitly 8upp«rto<l on theoretical |•^oull^lH. 

*1110 table brings out the fact tliat our (.'sUniate ot the Uttid einjrglcs is 
consistent with the previously suggested valiias lor the C li bond energy 
in methane, which various authors have put at too-lo8 kcal., uiul is well 
in excess of the average bond energy of CH4 calculated at 87 kcal. by 
Sidgwick and Pauling.* 'J'his jKJiut has gainetl couHideniblc precision by 
the more recent publications already moutioued al}ove, by i>. V. Stevenson ” 
and Anderson. Kistiakowsky and Artsilalen,^ who -by entirely dlfierent 
methods—arrive at values for tlio CH«—li l>und energy 01 xor and 
T02 d X kc£d. respectively, which come quite close to the figure suggested 
by us. 'rhe force of tliis argument sooins to cleciclc iliat tlie older cletor- 
minaiions of tlio C— 1 l)oxul energy from kinetic exi>ortnieti(s ^ which gave 
a value of ^ kcal. for CIJ4— 1 camiot bo maintainc^l. 

Tlie unequal gradation of bond ouorgicH in tire alkyl botuls was exxdoinccl 
hy Baughan. Evans and Polanyi>** by the iiresence of ionic nHumnneo hi 
the undlssodatod bond whidi tends to oitsot tho resouauce of tlio free 
radicalB. Ionic rcHonauco is small in the 0 ~-H l>oml. aticl wo UuTcforo 
observe here almost tire whole resoiumce of tlie free radical as a reduction 
of tho bond energy. Our previous comiiorison o£ tho rcsousuict^ of tlie tree 
radicol with the reduction in tlie strength of tl\o corrosixiiuling Ixnul 
energies—^for example In the cose of allyl and benzyl --'is now seen to be 
incomplete; owing to ionic resonance we should expect tho reduction of ilie 
C—I bppd energy to be generally somewhat smaller than tlio resonatico 
energy of the free radioed. 

** Baughan. Evans and Folanyi. Trans. Faraday Soc.^ 1041. 371 377. 

•• Stevenson, /• Chem, Physics^ X942, io> agt. 

•♦Baughan, hfatun, 1941, 147. 34a. • 

* Baughan •♦ (NaUtrs, X94X. 147. 54a) has suggested lhat this value for the 
average bond onex^ is in error on account of tho use of too low a value k>r the 
heat of sublimation of carbon, llorzborg*^ snpi)ortH the earlier view In y. Ckem, 
Physics, ig^2, 10, 306. 

■•Horzl>erg, J.Xhtm* Physics, 10, 30O. 
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Summary. 

An aitcinpl lias bi^^n mode to detonnino iho C' 1 bond onorfjy au<l its; 
varlatioiiH iukIct the iiitlneiico ol various subhliUit'tits by m('tU»nrin|>; tlu* 
rail's of pyrolysis of the comptmnds in »]u<«;iion. Varialions in Innnl 
«*nergynre loniid to l>o very inarktMl. l»‘or a innnber of simple hyclnM‘aibous 
Liu* previously known jttUivtilioa (MU'r^v ol the lejw'.iioii K(1 | Na at>i)eais 
to be propovtional to the bond encTKy \< I» tlie proiKSflionalitv l.ictor 
lieiiig 0 '-:H in lair afp-i'cinont with theory. Ni‘fvdive substitueals depiess 
the a<divati()U eiuTRy Ik'Iow the value roin^spomlinj* t<» the ImuhI eii<*r|*y. 

The abovi‘ experhuents were carried t>ut durinj* the si'^ssuais 
and 1939/40. The authors wish In thank Dr. K. Warlmrst and D. J. N. 
Ilaresnape fur Iheir help iu eonslrucliu{» the appandiw. One of us 
(K. T. Butler) is imh'bterl lo the LTiuversity of WaU‘s fur a Kellowsiiip. 

The University^ Manchester, 


THE ELASTICITY OF A NETWORK OF LONG- 
CHAIN MOLECULES. L 


By I.. R. Cf. TftttbOAR. 


Received 21 st October^ 1942. 

According to Uic Idnetic tlieory of elasticity of rubberdike materials, 
originally propounded by Mcy<‘r, v. Susicli and V.dko,' and subsctiueiitl}'' 
developed by Gutli and Mark® and by Kulm,® the retractive force in 
stretclied rubber is clue to the thermal motions of the carbon atoms of 
the molecular chain. On the assumption of free (or efre(dively free) 
rotations about eacli of the C C bonds, it is shown that in llie absence 
of external restraints the molecule will take up a randomlydcinknd form 
in which its average length (nictisurcd by the distimee between its ends) 
is only a small fraction of the length of the fully oxlcmled chain. The 
statistical treatment of the problem ® leads lo a formula defining the 
probability of a given l«*ngth iu terms of the molecular parametars. 

An extension of the treatment to a three-dimensionui network of 
molecules, in order lo uceouut for the pn»[)ortieH of a rubber in hulk, lias 
been attempted by various authors, no lably liy Kuhn * and by Wall, * 
Their rosults, however, tvre not in agreemtmt. In tlie prcHent paper the 
methods of Kuhn and of Wall ere critirally examined, and tlie sounus of 
the discrepancies between tlicir results is demonstrated. 


WalFs Treatment of Elongation. 

In this discosaion tbo historical order will bo revorsod, and Wallis work 
will be cem^ered before that of Kuhn which appeared 8 years earlier. 

Working on the basis o£ Ktilui’s statistics ol the individual molecule 
Wall set out to calculate the entropy ol a network of equal molecules 
xnakixig up a cylinder ol lengthi Zq in the undelormed and Z in the deformed 
state. For this struoture the di8tribatio& of lengtibui (i.e. distances between 


^ Meyer, v. Suaich. and Valko, EeZZ, Z., 1932, 59, aoS. 

* Gath and Utak, JlfomUs, Chm»t X934,65,93, 

• Kuhn, ifeZZ. Z., 1934, * * *936,258. 

^ Wall, J, Cbem, Physiee, r 04 «» *0,132. ‘Wall, ibid,, 10, 483. 
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iuTKtiim poinlH) oi ihe inolcrnlcs in the umloiornuHl siaie was jihsnmofl to 
be llmi given by Kuhn’s fornuiln, which iiuiy I)c written 

V. ') (Li‘. <ly . (l-u i «•)(U*. tly. d: . (i) 

wa 


|ji IliiH (Mpiniioii .V, V anil js rcpr<»sent the cotU|Knicnts ol length of u given 
nioUKinlo along each of the three co-ordinate axt^s, and 


1 I ^ 


(rtf) 


If being the C bond distance, Z tJic nutnl)er of links in the molecular 
(^in, and 0 the stippicmeut ot the valcnu^ angle. 'Po doHcribe tlu' de- 
fomiation WaJl ussiiniod iliat the vulnnic roinalm unchanged, and that the 
components of length of esich inoloimle change in the same ratio as the 
corresponding dimensions of the bulk rubber. Thus, writing a for 1/Iq, x, y 
and XT are changed to ax, a -iy and ct^^s rc*S]>octiveJy,* and the corres* 
pom ling distribution I unction fs 

y$ x) dj; • dv , ch ^ c \ «(»* l'**)lcU . dy . (\s , (z) 


The problem is to deU*rmino the imdwibility P that tbc assembly of 
molecules should be ft)und in the stat<‘ represented by cciuation (a), when 
the probability that a given molcmde lias coniix^nents of length x, y and z 
is given, by ccjuatioii (i). The result lound by Wall is 




( 3 ) 


whore P% is llio probability of the most prolmble distiibulion. 'l*he entropy 
change due to the oxtonsion is therefore 


.S’ - .S',... k Hi P/Po -» - iNJt(oL* 4 ^ . . (4) 


The tension I* is then obtained by applying the thcrmod 3 mamic relation 



giving, for a cylimlcr of original crixsa-scciional aroa i cm.*, 


■ 1-- ,\) . . (s) 

where N is the iiunibor of molecules per c.c., M the nv>kH:ulnr wnighl atid p 
the doQsiiv. 

Kijuatiou (5) applies for a uni-dinH 5 tional eximpressiou as well as for an 
obngation. 


2. Wall’s Treatment of Shear. 

A simple shear may be defined by a change of the dimensions of the 
specimen from x, y and x to tus, yfoL and xr.f As before Wall aHsunied llmi 
the molecular components of length diango In the same ratio as tlio 
oxtexnal dimensions. The function reprosoiiting the distribution of mole* 
cular lengths in the state of shear is therefore 

P'{^$ y* (U , dy . de »*3d;if. dy , <bf . (6) 

ff" 

• In his earlier paper * Wall look account only of changes in the sf componontM 
of length, liis later iroatmont,* which is dmcmsly fhe tnoro correct, is hero 
considerod. 

t Jwovo, MaXimiuUical Tlteory oj WasHcify, Cambriilgo Univondty Proas, snd 
Ed. p. 3^« 
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The result was obtained in terms (»f th<* work ro<iuirod to produre a shear 
deformation ^ " a)* 

II^ iAffcVV .... 17 ) 

from which it is st'cn that the modulus of rifpMity (S appeals as a <'(umlant. 
Tliat is to say, llu* network olwys IIo«»k(‘\s Uw under shear, though not 
under elongation, 

3 , Kuhn’s Troatinent of Elongation, 

Kuhn made the same luiulanieutal assumptions as Wall, but workcsl 
from a consideratinu of the entropy of the hini>le mohsuih*, iuteiJ^rating 
over tho wlvile assembly of 0101*501111*8 in order to obtain the loi.vl entn>]>y. 
From etiuation (i) tho entropy /? of a single molecule is f(iven by Kulin as 

s .feln/> mx^ I y* 1 rx ^ . . (B) 

whero fi is tho distance bctwoiin its ends. The coulribution to the total 
ontrow per c.c, due lo nudi*rnk*s liavinj; lenjith comiHiuenls iKdwetm x and 
X -I- dr» y and 3* | dy, - and ] <Lcr is obtaincvl by multiplying; this entropy 
5 by the appropriate number of molecules, f .e, 

s . Np{x .y nJi) fix , dy . d-sr. 

N being the number of molecules per c.o. Integration gives tho total 
entropy corresponding to tho unstretchorl state, 

4* 00 

J J| iV|ri — + y* 4- i i **)tU . dy . ds . (<>) 

CD ^ 

For the doformcil state corresponding to an extension in the x dirt*ction 
of amount y (a- I/Iq — i) tlio entrojiy S\ is represouteil by tin* integral 
4-00 ^ 

S\ (to) 

00 

in which the oxjKincutiai term reiurcseuts the distribution of molecular 
lengtlis after deformation. Integration oL exprt*Hsious {<)) ami (10) U*aclH 
to the approximaift rolathin 

jNkv* . . . . (u) 

Knltopy due to r, and r, Vuluos, 'Hui (‘ntro]>y tints d(»iennin<Hl, 
referred to by Kulm tw the partial entropy clue to Uic values, was not 
considered to roprcHont the whole of tho entropy cliango on extension. I le 
argued that iW^clus having a '* length ** r|, the molecule uuiy be considered 
to have a " breadth " r* and a '* thickness ** fa, and that it is necc^wary 
to take into account also the ptirliol entropies associated with the and 
ft values. If 2 ^ iu the number of links in the chain, r% is defined as the 
distance of tho middle HnJk from tho Hue juiulhg tho eucLs, and r* us tJxe 
distance of links numbered Zj^ and 32^/4 (counting from one end ot tlie 
chain) from the plane containing and fg. Kuhn’s meihixl of calculating 
tho entropy due to the and values 'idll not be considorod here. The 
result is that an additional entropy of amount — J^ky* Is introduced for 
each of these values, so that the total entropy change on extension becc^mes 

S' — So « — — 2N/cy* -« — ZjNrj.y» . , 

This leads directly to the stress^atxain relation 

F vm yNkTy - 7 NkT{% ^ 1) 


* (13) 
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Tliis result citKss not a#?reo with that of Wall (oqualiou (5)), the ojjp relation 
being linear and the other non-linear. The reasons for iliis tliscrepaiicy 
will now be conHi<lore<l. 

4. Criticism of Kuhn’s Treatment. 

The r, and Values.--The iirobability fuiicUou (1) is doi-ivcHl by con¬ 
sidering the minil)cr of possible configurations oi tlu^ molecule when one 
end is tixed ai the origin of co-ordinates and Ihc oilier is couiaiued within 
a small volume element tbr, dy . cbr. On Kuhn's basis the oiitro^^y is 
reduced on extension because the number of i>ossible coiiligumtions is 
reduced, in stating the probability in terms of ho includes all possible 
conliguratious, and therefore all possible values of fa and r,* '^I'hc fj and 
fa values cannot bo considered to liavo an oxistenci' indcpciKlenlly of fj 
and to attribute a scjimralo entropy to them is incorrect, 

11 the ft and r, values are omitted, equation (13) Ixs'oines 

F - zNkTy . . . . (14) 

WaU's cejuation (5) gives for the modulus at zero extension 



The modified formula {14) thus agrees with WalKs cquaiioit for sufficiently 
small elongations. 

It will now be shown tliat the remaining difierenco between the results 
of Wall and of Kuhn is duo to the iutruduciiou of an apiaoximatiou by 
the latter author. 


5. Ameudmont of Kuhn’s Treatment. 


(a) Elongation.—^JL^oxn Kuhn’s ccj[uations (9) and io) the entropy 
chan^ on extension may bo written 

a +00 

- i») fff (#• + >• + *•) 0 •»)(Lv . ily . At . 


+ 00 


00 


— IJJ(;if»-1-y« +-8^*) y)*+(!/•+**Xi*l‘y)lfLr. dy. dir • (16) 

qO 

Inserticm of the apx>topr]ato values of tho definite integrals * gives 

- s^) I .^[(i -I- y)* -I- vf-J 

or - SO -- 3 - -I' J .-p-y] “ X“* ‘ 


JSquaHon (17) is idsnHcal with WaU's sqn. (4), and Ictuls directly to 
the stress-strain relation (5), without any approximation. Tho approxima* 
tion introduced by Kuhn (valid for small values of y) was evidently to 
write 


and thus to obtain 


1 + y 


1 - y + y** 




(e/. equatton (ix)) 


*Jeana, JDytumicat Thtory of Gatos, 3rd IM. p. 433. 
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It IS obvums tlul the formula ol Kului is ^.^lI(l oiilv Im floiift.ilionstif ton 
bidciably loss than loo %. It is unloiluiuto that KuKa dul not «*nii>hasi,n 
tlvo tact that an .ipiMoximatwm was msolvod m (lie (loiiv.itam ol Ins 
apiwiotilly linonr sltc-ss-stiam lol.ition 

(6) Sliour. Mlinnn'h Kuhn did not dcsil wdh tin* shcai dcloiin<ition, 
tins inohlom also may bo dealt with liv lus tnolUod Wntnu? (In> total 
eiilropy aft<‘i slM“ann’5 in lhi‘ loiin 

1 « 

S't I V-* I * Cl''/*’I «* I .|,h .<fv ,dj (lit) 


and lollowtiiK oxaOly tlw '•anio piotm. a. in the laa* ol olouf'ation, wo 
obtain 

\) >• I • • . (..)) 

which, <m dI it Ioi m * lr.uls to Wall's usuIL ((*<|Uaii(m (>)) 

IV iNkU*. 

6. Some General Conalderations. 

The muie aocuiato applicutlun of Kuhn's nictlunl thus tcsuls to tho 
same stress-eitaiu rolutlonN :ih those dctlved by Wall. Thu two inutlioils 
may bo considurod to be (H|uivalciit mathemati< ally, siiiuo they diiter only 
in tho p^iimlar sta^o of ihu aTt^nmeut at which the com option of the 
entropy is introduccil. W{dl ennsiderod only tlie entropy to lx* associated 
with tho whole assembly ol molecules; Kuhn, uu the ollun tsuul, ton* 
sidored that an entropy exmld be associated ivilh the mdividiml nioleuule. 
Wall's troatment must be couaulercd the nioie satisluctoiy because il 
avoids t±® diidcaltioa encount(*red ni nltenipiiuK to assinii a physical 
meaning to the ontrop;jr ot a single molecule. 

An eipiatiuii of slmilai fonii to (5) lins been cUnivud independently by 
GnUi oud James,* who state lluit it n'piestmts tlie uxiH^riumitiil ditla for 
Ixith clnngatioji and cotti|>ieHsiuii ot lubber to 0 closo appiosinintion, hi 
using tlio eqiialiotis oJ the kiuelic Llusiiv, however, it is important to keep 
in mind the asmimpiioiis which loini their basis. In Kuhn's statisticnl 
troatment of tho |uuaf(in inolomile, horn wliiuh all the lat(>r devidopiuonfs 
liavo iiroceodod, it is assumed tlial (he illstanee r is small coinjHired witli 
the outstretched ksigth ol the (.huin, 'llu* lomiiilu' derived trmu the 
network thoory wmiUl tlieieloro not Im exinvUsl to anjily to a slate of 
deformation in wJiich any iniiKirfunl fraution of the inoleuuleH were nearly 
fully extonded. ’Thtsy caiuiot therefon* he expecltsl to ac(»unt uocunitety 
lor tho whole of the stress-straiu curve ol rablxT. 

It ia IntoreHting to note Ibat equations (3) and (7) contain, implicitly, 
JIf, tho ** molecnlar weight" between jniuitlon (mints, but do not speri- 
fi(^y contain Z, tlic unmbur of links, or 0 , tho snppleinont of the vaUsme 
an{^ (which are hudnded in the paianiotcr $ (etiimtkm (jca)). Tlie otua- 
tions wonld therefore not he aflootcd if tho fceodoni of rotation about 
bonds were imperfect, idnco, as Kuhn has shown,* a cliain of Z links 
posseodng hindered rotation is equivalent to a chain containing a amsller 
number Z/s of freely rotating links (whore s is a small number), providod, 
of course, there are still enough effective links to lustily the application of 
statistical methods. The aamo anpunent shown that the clastic properties 
ol the network will not be afCeoteu by the proseoce of a proportion of non* 
rotating bonds, such as the C « C bond in mbber. 
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Sumnuirj'* 

Till* troaiiiHMit ol ilu* j'laslit'Hy of sv luolm ular network l>y Ibe inetluxl 
of Wall is (lisraiHsrd and r.()inj)ar(Hl willi iln^ iMflior tioatriienl ol Kuhn. 
II is hliowii llial a ntou» aiTainite apjjlituilioii of Kuhn’s nudhucl loads to 
fornmho f(»r olon'vdion and shoar in Ji|;*rooinoid with ilio‘><' ol Wall. 

The .uitlior dosiros to joknowlodm* his indobioiliioss to Dr, J. K. 
Kolwrts, for sovoral holpful diHiMis»*ionH duriii*; tli(‘ prcpar.ition of this 
paper, which forms j)arl (jf tin' jjro^r.iniiuo of fimdaniontnl raso.irch on 
rubber undertaken by tlie Do.ird oi the Drilish Rii])ber IVodncers* 
Resi*tirrh Assonialioii. 


RlfiVIRWS OF BOOKS. 

Spectroscopy and Combustion Theory. !iy G. ClAvnoN. (f^nclon ; 
('hapmau and Hall. i*p. .v | igi. Price 170. (nl. not.) 

Our knowledge of wluit flatne and ('ombnstion e^iii say about atoms and 
molecules is far from complete. Muctji valuJiblo cpiaHtaiivc work {e.g. 
the rtKsoguilimi of very short-lived cluunieal complox('s) has been iichicved, 
but tar IcaJS In the quaniitalivo hold, this is ctmnectcd with 

tho Homowbat severe experinienlal dillicultics encouutorc<l in tlio moaHurcy 
mont of ilamo temperatures. 

Ill the book now under review, the autlior stn^sses thw* points, and 
in the Ja.st clinjiier -porliaiw tho best in the bf joIc, ftjr he is drawing upon 
his own extensive experience—goes on to iiuHcale a number of ways in 
which the spectroBCOpo can liolp in solving mechaulwU and chemical 
problems. It seoins tliat much here awaits the atteiiiiou of tlie chemical 
ougiiiccr. One suggestion is a greater use of photography in tho region 
lietween 7000 a*’ and jo,oooa‘** To Judge from some recent factory 
literature on ajqilied ]>hotography tliere is a reosomiblc proHj^Kict of a general 
dovolopment of tcchniciuo for the plioLogmphic study of flames. It is 
certairiiy well worth encouraging. * 

A somewhat tantalising, but engaging topic., most iutercstlngly dls- 
ouasod, is tlie ixjssiblo oxistciioo f)f or carlion peroxide. Kxperimontal 
evidence 1», in general, against it, but nf»t <piite conciusively. lYystal- 
lographors would rejoice if ivaything defudto could be i^stablishcd, sUico 
this oomplex, in any state of matter, is so important lor tlicni. 

The remainder of tho book follows fairly conventional lines, in dealing 
with " knock,*' after-bum, prodissociation aud so forth. It is all useful 
enough, but shows a tendency—very diScult to avoid—to write round 
the references. Tliore is a full blbhography, and a good deal of con¬ 
veniently arranged tabular mattor. 

Although for what is little more than a luanual the price is high, the 
format and illnstrations are so good, that it is hard to boliove that tiieare 
is a war on. 


F, L G. K. 



RKVIKWS Oh' ISOOKS 


42 


Reports on Progress In Physics, Vol. VTIT. Vp. iv 1 372. Uiiidou; 

The I'hysioal H<H!idy, ii,).j2. .’..'js. 

An tnitfitiuidiiiK feature iil tlim vuliime is 1 hiii six <»l the touileeii reports 
wliu'h it contaiiiM eoiiie fiom tlie jieiis ol AinerierUi physicists who, .w the 
liditoi jMiints out in the pretace, Kiue unstinted help and supput .it a 
ditfiCHll lime. (“<i opei.ilioii ol tin's kind litis iiol oiil\ eiiiililed the si/e of 
the volume to be niiiinttuiied, hnl h.is .dso made av.iilahle dt-a iiptioiis ot 
work carried out on that larger scale which is lypii al ol Vmcric.ui ies«*iiich 
lahoralories. 

W the six articles reterrwl to, the most valuable w that 011 theKeuenil 
physical constants, wliicli pivts the values, as at August, of all the 
physical constants toRcther with their ])rol)able enors, stwial attention 
licing given to the velority ol liRht. Another interesting reisirt coiniug 
from overseas is on liigh spH'd centriluging, in wiiich the tlusiry, (le.sigii 
and ijcrformancc of these centrifuges aro described. 

S]x*ctroHCopy still ]>rovith>s a fruitful field ol progress, there being 
articles on its applicatinii to combustimi, the mechanical measuroinent 
and tabulation of wavelengths, molecular eleclroiiic spectra, tutclmr levels, 
and dispersiou in the far infra-red. The last-nauicd deals with dispirsiou 
in crystalline and liquid suLstaiicos at wevolengtiis Ix^youd lop and its 
iateipretation in tonus of intunnil structun' and polarisution. 

The usefuhress of a volume such ns this in, making available to tlu> 
average physicist authoritative arcemuts of new work with which iie would 
not generally make contact is well illustrated in the articles ou plwitomotry, 
instrumental technique in astro-physics and friction tietweeii solid Ixidies. 
These articles deal with the progress of tho hist few years. 

The high standanl which tho Physical Kociidy luut set itwif luis lieeti 
well maintained and (to (piotu a phnise from one ot the arliclt's) a living 
and growing science is prcscnlctl to the reader. 

K. II. II. 


Jounml of the KloctrodepaslterH Teehnieul Society, Vnl, XV M, t()4C«42. 
Tho Society al Norlhanqiton {‘olylcelmic Institute, St. joiui Street, 
Olotkenwell, Umdon, K.t*„ iTice to non-meiuliers, sis. I'll. 1(14, Hvo, 
including itC phitob. 

Tho Sodoly is to Ixi congratulated on this evidence of continued 
growth and activity, despite tlui iiro-oocupation of so many luemliora upon 
national duty. Tlie volume contaiiui six paiiont on moiallic coatings 
or upun specific problems arising tlurofrom, and it also uidIkkUos tho 
r^rts upon four useful discussions hold during tho sossiun, viz. those 
upon " Silver Coatings ou Non-motalUc Surfaces," ” Plating Problonui 
under Ikuseat Conditions," " Problems Confixinting Platers during War* 
time," and ''M.A,P. Spcdfications and Tests," This record ol work 
should enconiage all who are interested not only to buy this volume, but 
to join the Society and receive it os ol right next year. 
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Minutes of the 36th Annual General Meeting 

Held on Saturday, 12th December, 1942, at 12 noon, at 
the Hotel Rembrandt, Tliurloe Place, London, S.W, 7 


j. The Minutes of the 35th Annual (knicral Mcetinf», -which luid been 
priuie«l in the November, rc).|i, issue of the Tra^isacthnst were taken as 
read anti t^onfirinod. 

z. The Annual Uoport and Siat(»inent oi Accounts, t(»;>ciher with the 
report of the Auditors tor it>.i i, were prtscnted by the Honorary IVeasurer 
who, m submittiiif? the Statement ot Accounts, explained that the expenses 
were less owing to the war-tiiiu‘ curtailment of octivilies. Tluw had 
been little expense ctmiieotetl with meetings. The money saved -was 
being investctl from time io time and would be availnble to nieeL any 
|K>ssjbie hiture requirem<‘nts. Tlie fall in nnunbership Avas tlue t<i the 
loss «>l enemy members; the non-receijit t»l subscriplinns from members in 
occuined territories liad temjwrarily allecte<l revenue. 

Mmtbership, -The Mating approved tliat after the war the Council 
should use its <ljsoretion as to whether enemy momls'rs would bo taken 
batik into the St)cioty or not, but Hint uon-eneuiy members in temixirarily 
occupied territory .should bo retained on the rolls even tliough their 
subscriptions luul not been paid. 

War .—It was proposed by f)r. Bury, seconded by Dr, (kKidevo, ami 
unanimously approved tliat flio Society sliould put on permanent recoril 
its gratitude and appreciation to Mrs. Tooth, tlio ollico cleaner, for the 
part she had played, at considerable risk tt> licrself, In salvj^ng the 
Society's proixJrty on the 16th-17th of April, 194T, wheti the ollices of 
the Society wore destroyed by fire, as a result of enemy action. 

The Secretary, in amplifying the Report of Council with regard to 
the destruction of the oificos ol the Society, meutioued that wth tJio 
exception of the cuiTcut records ami fib's, the tyt^owrilor and a complete 
set of the Transactmis, all of which Imd boon savocl by Mrs. Tooth, sill 
the proiK^ty and old records of the Society wore destroyed, With the 
co-oporation of the Mombors, as a result of the personal message which 
was printe<l on the cover of the May, 1041, issue of the Tranmciiofis^ the 
Soci^ was able to carry 011 its work with little interruption in now offices 
which were taken at the present address. The work of reconstituting 
the Society %vas not easy, however, because in May, further destruc¬ 
tion was caused in Gray's Inn by oneray action. As a result tho oilices 
occupied in April wore for two or three months aliared with a Arm of 
solicitors who had lost tho greater part of their ijroraisos and it was not 
until Seplember of 19^4 x that the x>}>^c6ont convenient offices in tho same 
building could be rendered available for tho Society, 

SiudetU Members .—^At Professor Ferguson's suggestion the Secretary 
was directed to make personal approach to tho heads of departments 
asking them to encourage students to join the Sodoty as Student Members* 
Joint Payment of Subscriptions .Secretary mentioned that ar¬ 
rangements had been made with tho Institute of l^yslcs and the other 
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participating sncieties to modify, as from ist January, the scale of 
payment of joint Rubscriplions. An approach had been made ix) tlic 
Institute ol Chemistry, olleiing a reduced subacription if |>aid to the 
Institute; further aegoLiations would be oiKiiunl with the Joint ('hemical 
f'ouncil. Such lurthcr co-opcnitifm with the chemical sfjcietios was wel- 
conietl by the inoetiiig. 

On the motion of the Honoraiy 'rn»!usuror, socotulo<l by Professor 
I^'crgusou, the UejK)rt and Statement were Jido])ttHl, 

3. On Iho motion tliat the ])rcscnt Ofiicers and Ordinary Members 
of C'ouncil shoulrl l'>c rc-elcctod ior the session ro/12-43, Dr. Lury and 
l^fessor Travers suggested that the time hfid come to rcvoii to normal 
elections. After mnio discussion it was unanimously agreed that the 
present position be continued for the coming year. It was, however, 
agreed that before the next Annual Ckncral Meeting there should bo an 
Extraordinary General Meeting to discuss ]K)Ucy and in particular to 
decide whetlier the Society sliouhl revert to its normal procedure of 
election.. 

It was proposed by the Honorary Treasurer and seconded by lYolcssor 
Ferguson and agreed that at tliis Extraonlinaiy Clkiuora] Meeting a short 
account should be given by tlie President on the position of the Society. 

The Officers and Ordiimry Members of Council to take office as from 
ist October, 1^42, were thereupon re-elected as follows 


OFFICERS AND COUNCIL. 1943-1944. 


PfesuJbnt. 

Prop. E. K. Rideal, M.B.E., D.Sc., F.R.S. 

Vice-Presidents who have held the Office of PresidejU, 

Sir Robert Robertson, K.B.F-., D.Sc., F.H.S, 

Prof, F. G. Donnan, C.Ii.J?:., Pu.D., VMS. 

Prof. C. H. Dksch, D.Sc., VMS. 

Pr<jf. N. V. SiDGWicK, Sc.D., D.Sc., F.R.S. 

Prof. M. W. Travers, D.Sc., F.R.S. 

Vice-Presidents. 

Prof. J, 1 C. Coatics, O.H.K,, D.Sc. pRi)F. W. C. M. l#uwts, D.Sc., M.A., F.F.S, 
Prof. A. Ferguson, D.Sc. C, C. Paterson, D.Sc., O.H.K., F.R.S. 

Prof. Sir Rai.pii 11 . Fowler, l*\R.S. Prof. R. Wiiytlaw-Gkav, Pu.D., 

F.R.S, 


Hmwrary Tmisurer. 
R. JC. Slaom, D.Sc. 


Chairman oj the J^ubtiraHons Cowmiitee. 
Prof. A. J. Aluiand, D.Sc., IMl.S. 


Ordinary Members of Council. 

E. T. Bowen, M.A., F.R.S. F. D. Miles, D.Sc. 

C. R, Boty, BJl. W. j. Shutt, D.Sc. 

k j. Fox, C.B.. O.B.E., D.Sc. D. W. G. Style, 1 ^,D. 

OF. W, E. Garner, D.Sc., F.R.S. I^of. S. Sugden, D.Sc,, F.R.S. 
R, Lessing, Ph.D. O. J. Walker, Ph.D, 

This Gpncluded the busixieBe of the meeting. 



THE FLUORESCENCE OF PHENYLATED 
ANTHRACENES. 

I{y Y. IIiKsiroiiRO anu L. HASKULUhKO. 

Received July, 1942. 

In an iiivesUf^tinn of Ihe physical proportios of iho polycyclic hydro¬ 
carbons which axo being synUumsod m our laboraioiios, wo havo also 
studied ibeir iluorcsconoo, more especially the inllncnce of Hubstituonts 
on the numb^, position and intensity ui tbo duorosconce bonds. Tn the 
following table the results obtained for a number of pheuylatcd anthracenes 
are listed and compared with those for the parent substance, antlixaceno, 
which has IrequouUy been investigated boibro.^ 


TABLE. 


SuVstomc. 

Bond I. 

Bond U. 

BmA III. 

Rptujirks 


maac. aL 

nicix. ui 

xruxx at 


Anthraceno 

4070 

42go 

4.530 

[X vivy inionse, £ and 
IXI weokor 

1 very intense, J F 
weaker 

1 and n very intense, 
III weak 

1 and 11 intenbe, £11 

i>*phenyl*£LiLtliracone. 

4200 

4410 

— 

3-*ph(myl-a&thraoono. 

4200 

4420 

4630 

9-phfinyl>^thraCGae . 

4220 

4500 

4700 



Blightly woakor 

x.4Miip]ieayl-«aibj^^ 
9.xoH£lph<myl-<antlmiedne . 

4490 

4200 

4330 

4380 

Very intense 
Xlinton66<«t; all bonds 
miller diSnso 

I more intense, II 

3.9-diphenyl<Lntbracene * 

43*0 

4480 

4520 


weaker. 111 btiU 
weaker 




X .4.9. xo-toti:aph(myl-<ualhra" 




1 very intense, 11 

cono .... 

4O60 

5050 


p 8 otulo^x. 4 t. 9 .xO"ietra<- 



weak 

phenyl-axithracanc 

xu> fLuor- 





oaconce 




x.4.5.8-iofcra»ph(myl-* 





aathrocono . 

4380 

4515 


XI more intense than 1 


Iiupeetlou of the intensity onrvos as reproduced in Fig. 1, shows that 
every snbatitaticHn in the anthracene system by a phenyl group increases 
the efasolnte intensity of fluorescence, and that mono-phonylatiou of 
anthracene in one of the three possihle positions shifts mo fluorescence 
bands in apnroxhnately ihe same way. It is interesting that i-phenyl- 
anthracene naa only two, not three hands'-the more as in 14-diphenyl- 
antioaceoe only one broad band appears. In 9.xo-diphen7lanihtaoene, 
the shift is somewhat less marked, and one is inclined to ascribe that to 
its symmettical stmetore, as oompsied, e.g. with g-phenyl-aathraceae. 
In general, the intensiiy distribution is so dlmcent in ihe d^orent eases, 
that the fluoresoenoe spectrum could be used for the identifloatiou of the 
various hydrocarbons. The relatively hijh fluorescence of the meso- 
phenylated hydrocarbons is conqdcuous; this is to be expected as the 

* Soo, e.g. Fiingsbeim, Trans. Faraday Soo., 1939, 33,38. 
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electrons in these positions arc loasened by the phenyl grouj>8. It is 
more surprising that 2--pheiiyl>*anthracGne shc^ a similar olfcct; perhaps 
this is also duo to an influence of the phenyl group on the iluorescent 
mcso-carbon atom, via a resonance fonn siniiinr to that suggc»te<l in the 
case of diphenyl,*. * which would involve one of the carbon lv)n<lR of the 
meso-ring. 

Outsiamling is the fluorescence siHJCtniin of r : 4 : o : lo : tctraphenyl- 
antliracone; the bands roach very far into the visible region of the 
spectrum, in accordance with the intense yellow colour of tliis hydrocarbon, 
which dilfcrs from antiiraccno not less than <>: lo : it: 12 : totraphenyl- 
naphthaconc (mbreno) from naphthaceno,* That tlie psoudo-compound, 
obtained from i: 4 : 9 :10 : -tcfraphonylanthraccnc by treatment with, 
e.g,, formic add, shows no fluorescence, concords well with either of the 
fonnul© discuss^ recently by Weizmann, Bergmann and Haakelberg,^ 
both representing dihydroaiitliraccne derivatives. 



H5,&-terra- 

phw^l“Anlh» 

/ 

\ 

ce/7€. 

\i 

« 


Ji 

s 

j. 




For theoretical reasoxis, one should dihydroanthroceno deriva¬ 

tives to bo non-fluorcscont, but there are certain cases, whmro fluoroscence 
has been reported *• * and which most probably need rcyhxvestigation. 

* Le F&vre and I.0 F6vro, /. 5 cc., X936, 1130. 

* Lennard-Jones and Turhevitch, J^roc. Roy, Soc., Lottdon, A, X037, 297* 

* Absorption of naphthacene, Rtululcscu and Barbuloscu, Z, physiHd, Chim.t 
t929i $f X77; Gar, JBeK, 2936, 69, 607. Absorption of rubieno; Willoxnart, 

Comfit, JUnd, Acad, Sci„ 1929, k 88, 988; Badodio, Ann. chim* (xo), 1953, 20, 
200; Bufraiase and Ghraxd, Bl Soc, Chim. France (5)» 1935, i, 1359 ! Buiraiase 
and Badoche, Comfit, rend. Acad. Set., 1935, 200, 929. For the fluorescence 
suectxa soo : Badmosca and Barhulescu, U ,; Radulesoa and Bragalescu, Bui. 
Soc. Chim, Rorndnia, 1925, 17, 9 \ Dhdid and Rafly, Comfit, Rena, Acad, Sci,, 
1935* 200, 386; BvM. Soc, Chim, France (3), 1935, a, 1424, 

* Weia n ma nn, Beegznenn and Haskelberg, /. Chem, Soc,, X939, 39 ** 

* Bamott and Matthews, /, Chem. Soc,, 1923, 123,380. . 

* Matthews, J, Chm, Soc,, X926, ia», 236. 

* Scblenk and Bofgmyann, Annalm, 7928, ^63, 
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Til tho case of i: 4 : 5 : 8-letraplienyl-<): lo-dihydroanlliracene, wo 
have observed a marked diiuresccncc, which, however, corresponds exactly 
witli that ot 1:4:5: 8-tetraphcnyl-aalhmconc, both with regard to 
position and to relative intensity of the fliu»r<.>soence liands. We Iwlieve, 
therefore, tliat the diliydro-coni^iouiKl contains traces of the tion-hydro- 
genated sulistauce, and it may well be that the obst'tvcHl rather high 
absolute intensities arc clue to the higli dilution, while in slightly greater 
concentration a quenching effect occurs (see r.g. IVingsheitn, Lc.). 

We wish to express our gratitude to Dr. Frieda Goldschmidi, who has 
carried out tho plioto-micrographic evaluation of the Imnd intensities. 

Experimental. 

(a) Materials.— A»ihraccne, tho purest commercial sample, was 
rocrystallised repeatedly from butyl acetate. It formed colourless ctyatals, 
exhibiting an intense blue fluorescence. 0 : lo-niphenylanthraceno, m.p. 
247**, was preparc<l according to Schlcnk and Bcrgmann." i-Phenyl- 
anihracenc, x : ^-diphenylanthracene, x ; 4 • 0 : xo-ieiraphcnyla'iiihrac^ and 
its pseudo-derivative were tlio samiiles, previously obtained by Wdsetnonn, 
Jiergmann and Haskolborg.* h'or the ])reparatjon of o-phenylanthraccne, 
the method of KrollpfeiEcr and Jiransrheidt, • interaction botweon anthrono 
and phonylmagnosium Iwomide, was considerably improved by using 
lithium iiUciiyl, which docs not cause as much enolisation as tlic (rrignard 
compound. 

In the same way, the hitherto unknown ‘Z.c^diphenylantkfaccne WiU? 
prepared ; To a Altered sfdiitiou of lithium phenyl (jiroparcd from to-4 c.c. 
bromobenzone and 1*5 g. lit Ilium turnings) in anhydrous ether, 2-phenyl- 
anthrone-(«j)i* (4'8 g.) was added in small quantiti<‘S. After n liours, 
the reaction product was poured into icc-cold sulphuric acid and tho 
ethereal layer washed, dried and ovaporaiotl. Tho residue was rccrystiU- 
lised from butyl acetate. Clusters of yellowish needles, m.p. l65-ro6^ 
exhibiting an intense blue Auoresconce in solution. Yield, 3*2 g. (found : 
C, 94-3 ; H, 5 T. Calc, for CuHu : C, 04*3 ; 11 , 5-5 %). 

z-Ph^yUawthfac&ne was obtained from tho same 2-phenyl-aatlirone 
by reduction with zinc dust and amnwniia in presence of platinum chlorido. 
M.p. 

1:4:3: \^-TetfapheHyl-x ): lo^^ikydfo-anthraceiie. After some failures, 
we eventually siicceccied in reducing 1:4:5: tMetraphenyl-anthra- 
quinono * by the following method: Tho quiuone (3 g.) was heated with 
rod phosphorus (o*6 g.) and hydriodic acid (b.p. 127'’, c.c.) at i30-r(K>’’ 

lor 6 hours in a scaled tube, 'fho reaction product was treaiod with water, 
rdtered, dried and rcorystallisod from amyl acetate. Msms, in.p. 2(>8» 
^10 ^; yield, 2-t g. (found; C, 93-6; H, 5-9. Calc, for 94*2 ; 

Hi 5 ‘^ %)• ^ pomtod out above, I he sul)Htancc was iic»t romidoioly free 
from the following dohyclxogonated compound. 

1:4:5: S’^Teiraphenyl’^hfocene, The foregoing hyclrc)carl)ou (o* 125 g.) 
was heated at 240* witli sublimed sulphur (0*3 g.), until the evolution of 
hydrogen sulphide ceased. Tho reaction product w*w treated with carlxm 
disulphide, which dissolved tho excess sulphur, and tlie reaiduc (0*12 g.) 
rccrjrstallised from bromobenzene and sublimed in a h^h vacuum. 
Yellow needles, m.p. 370®. The solutions exhibit a strong violet-blue 
fluorescence (found: C, 94*4; H, 5-4. Calc, for CaaHi,: C, 94*6; 

5“4 %)• 

(&) Methods,—The measurements reported have been carried out 
with the fluorescence microscope of ETaitinger;« the substances were 

* KroUpfeiffer and Branacheid, T923, 56^ 1017. 

Scholl and Neovius, Ber., igii. 44, 1075. 

n Schlenk and Borgmanu. Liebig^s Annaiw, 1928,463,103. 

” Cook, /. Chem. 5 oc., 1030, 1087. 

” Haithiger, Die PluoresMottMnalysc In der Mihroeftemie, Vienna and Leipzia, 
1937 * * 
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dissolved in purest benzene which did not show any (luuroscence in the 
region investigated. The iron arc light passed a to % solution of cupric 
.sulphate and a Wood filter; tlion it was concentrated on the U.V. glass 
mirror of the microscoi>c. Through the a^ndenscr tlic light was trans- 
mitteil to the Holuliou» which \vas (xnitainod in a cpiart/ cuvette and had 
a coiicontnition ol %. All ultra-violet light, not alxsc3rl>eil by the 

aulwtatice, was destroyed by passing it through a glass c.uvottc, conUiiiiing 
an atpieous 5 % solution ol scnliuin nitrile, so llxjit only the fluorescence 
light could roach the objective of the microscope ami from there tlio 
micro-spectrograph whicli was fitted to tlic microscope instead of an 
eye-piece. The spectrum was photographed on plates of the size 4.1 x 6 
cm.; oil the same plates for comparison purposes was photographed a 
known spectrum, c.g., sodium, hydrogen or helium. The time of exposure 
varied from to 6 hours. 

All our experiments were checked by a macroscopic method, which 
utilised besides the Haitingcr iron electrodes a mercury or a carbon arc 
as source of light. The light was concontratiid on the substance by moans 
of a rjuartz lens and the fluorescence beam, isolated as above, transmitted 
into the spectrogmph (plates 6J x 9 cm.). With concentmtions down 
to o*oo8 %L the time of experiment required for this arrangement is 30 
minutes. The results obtained with both these arrangements were 
identical throughoni. 

Daniel Sieff Research InsHiute, 

Rehovotk, PalesHm. 


VISCOSITY OF PURE LIQUIDS. 
I. NON-POLYMERISED FLUIDS. 


JJv R, M. Rarrbr. 

Received, ixlh December, 1942. 

Studies of viscous How suggest ihat eocli unit ocl of flow requires 
an energy of activation.' In tlus respect it resembles dilCusion iu 
solids * or liquids,* relaxation plionomciw,* or ehcmicul reactions. A 
complete theory of the liquid state would enable the energy of ac¬ 
tivation, to be calculated independently of experimont, and it is note¬ 
worthy that iu the allied rate processes of diffusion in solids* and 
chemical kinetics * tliis has been attempted wltli moderate succcsb. 

may, as the next moat fundamental procedure, be measured Iry 
eiqperiment, and calculations of the constants of diffusion {D), viscous 
flow {1}), or chemical reaction (k) made in terms of it. This quasi- 

' H. Eyring, J. Chem, Physics, 1936, 4, 283, A. G. Ward, Trans. Faraday 
Sm.. 1937.38.88. 

* Barter, Diffusum in and through Solids, Camb. Univ, Press, 1941, CSiap. VI. 

* Gslasstona laidlsr and Eyriag, Theory of Rate Processes, lUteCaaw-HiD Book 

*K. Huntmi»lon and F. Ssits, Physio, Rev., 1942, di, 313. H. Huntingdon, 
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fundamental method Inus been applied with -sinctss by oitlicr 4>f two 
metiiods: 

S The kinctic-statifllicnl treatment.’ 

The transition stale treatment.® 

These procedures both neeepi an experinuMiinl uuei^ of nctivatuui and 
then expa*ss all other components of or k from the theory. 

As a starting-point in using theac methods it is convenient t() cxorcss 
data in terms of the Arrhenius o([uations : 

McUiods (1) and (2) Ihoii give specific values of /eq, and 170 which may 
bo compared with tlic experimental ranges of values. Progress in 
interpreting viscous flow by the kinetic-statistical method has been 
made,® but tlic latter has not provioubly been applied to flow phenomena 
in simple and associated liquids. TJie purpose of this paper is to analyse 
and discuss experimental features of 0 diversity of flow systems in terras 
of the Arrhenius equation, and to obtain a general background covering 
their behaviour, according to current theory, and especially treatment 
(l) above. Accordingly the premiset, and predictions of the zone 
(kinetic-statistical) theory of viscous flow and diflusion ® arc first briefly 
presented. 


Zone Theory of Viscous Flow and Diffusion. 

The iultial promiseb of this theory * are : 

(1) The energy of activation (BJ is not normally localiae<l in ono or 
two d^ees of froodom unless Ba/T is small, but is distributod over a 
zone of degrees of freedom within the liquid. The larger is the 
greater is the zone of activation. The absorption of looscus the liquid 
in this zone os a jire-requisite for viscous flow or diflusion. 

S Syxiehronmtion or co-operation may still bo needed between 
3n8 or intormolocular vibrations before the unit act of flow or dif- 
fasion can occur.* 

(3) Maxwell-Boltzmami statistics may bo applied regionally to the 
liquid. 

The calculation of viscosity and diffusion constants in rubber has 
already boon made,* and little modification is needed for molecular liquids. 
In a chain polymer activated zone will consist of several taugh^L seg¬ 
ments of chain belonging usually to different raoloculcs, momontarily 
loosened by absorption of Ba. In a molecular fluid, the zone consists of 
a number of separate adj^ont moloctilcs similarly loosonc<l. Only 
rotations and intermolecular vibrations need bo cousiderod in each case 
unless is very groat.f 

The following ]^edictions are based on this theory: 

(x) -*> JLog Tfo and Bj^ (or Log Do and slrould bo functionally 
related for any series of liquids at constant temperature. The slopes of 
these curves should be governed primarily by tihe temperature rather 
than by the nature of the fluid (see p, 55 and Fig. 5). The curves of 

* This was allowed for as the constant p of ref. *, p. 328, but is considered 
in more detail in the present paper, 
t As for silicate gutsses (Pan. 11 ). 

* R. M. Barrer, Trans. Boroday Soc., lOit, 37, 590; ibid», 1942, 3S, 322; 
also ref. *, Chap, VI. 

• H, Byiing, J. Chem. Physics^ 1936, 4, 283. R. M. Barror, Trans, Fm^aday 
1942, 3®. 7®* 

* R. Barrer, Trans, Faraday Soc., 1942, 38, 322. 
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Log Do vs, should all have a common origin. The curves oJ - l^g ijo 
i»s. however, will have intercei>ts on the axis of -- I-og 170 separalctl 
approximately l)y l-og TiP\ at two lemjKsraiures 7 'i and 7 ’a. Tlie slopes 
of these curves should increase us T decreases (Vig. 5 and j>. 55). 

(2) II the <liilusioii lUita reler to dilfereiit lein])emlures and I^ig /), 
is plotted against Ej^/T fi univerMaJ curve should be obtained. When 
- lx)g »;o i** plottetl against /t\/ 7 ' all cinv(‘s should be parallel, but dis¬ 
placed a])x>roxiinaiely by the Ituitor J-ng 7 ’i//’a lor Uvo sets of data al teiu 
poriiturcs and Tlw* low leinpt»nilure data should bo uppermost 
(SCO big. 0 and p. 55). 

(3) — Log ifQ IS a function of Ihe zone size existing in the activated 
state. It is thcretore in part a measure of ihe extent oi the disturbance 
or the amount of loosening in tlie activated state. Tt is related to the 
entropy of actixatioii ol the transit ion state treatment, which should, 
liowevor, as a result of preiuisos (i) and (2) be composed of two terms, 
one depending primarily on E^/T and the other primarily on the amount 
of synchronisation or co-operation iicct'ssary before a successlul unit 
process can <Kx:ur (se<‘ p, 50 and Table 11 ), 

'fho Data. 

Viscosity data are prosentod in Table 1 (i) to (v), in terms of tiuj 
.\rrlienius equation, for tlio following classes of Huid : 

Liquid permanent gases ; 

Liquid hydrocarboius and other aiH)iar fluids ; 

jt^^lar liqui<ls; 

Hydrogen and hydroxyl bonded liquids ; 

Liquid metals; 

Simple ionic liquids. 

The data cover the tompecraimre ranges 60° K, to 1700'' K. 

TABLE I. 


SabbUtut 


-LoBij, 

pnuics). 


Ka 

((ol./niol. 
of unit 
IHocrM**.). 


Triup. K.uir(* 111 
‘K. 




Valuo 
ot rjT, 


Iiutox 
No. Ill 
l‘igs .5 
«ui(L (u 


Kofoi* 


(i) Apolar Liquids and Liquid Permanent Gases. 


Oxygi'n . 


iTi* 

40/) 

^4•«-9f^«» 

S*tHI 

0 

tu 

NlUuf{i*u . 


4*u 

4(iK 

b.r4 77*4 

b’3I 

*) 

to 

C.uboti innnoxliU* 


4*01 

4b) 


6«X<) 

8 

10 

Aipm 



.1-14 

«l H^4 

U*ll 

7 

10 

MoSmuo . 


4*41 

740 


7*Jb 

XU 

xo 

nthytoi . 


j'ftO 

7)9 

lovK"tb<}*4 

5*4» 

3 

10 

n-Sutexu . 



ii4t7 

449‘4'*J0b«fi 

5 'x8 

XX 

XI 

tt-PontauA . 




473*74 *3t>1*<»»» 

5*47 

4 

XX 

n-Uoxuno . 



l,7«o 

473*HmU>'59 

5*»4 

) 

XT 

fi-Heptaiio. 


.I'Hn 


a79't3-ib5‘JX 

b'll 

17 

11 

ft-Ootano . 


3'«*) 


473*JS-3V.1‘<»7 

i»*7t 

a 

XX 

Botuwoe . 


S’Cb 

a,49» 

873-343 

8*08 

I) 

XI 

ffi>Xyleae . 


4*39 


3Ha*75-4o8’4B 

7*63 

X5 

XX 

{nXyleoae . . 


4*34 

3»a65 

3«9-0i-4*4*I4 

H*X3 

X6 

IX 

Dooobyd]»iiaphthal«u» 


a*y4 

3,XJ0 

a9R-348 

6*36 

xa 

XX 

Cvbon iotmehkfflcte . 


4*07 

«,7fio 

873*0-347*X6 

8-86 

x8 

XX 

Tistxaoihlorathykfoo 


y49 

1,940 

973-390*09 

5*86 

*9 

zx 

Iwhexaoa. . . 


3*<M 

x>550 

973-303 

5*38 


XX 

z : 3 batane, 


3*94 

3,030 

•73-303 

ro5 

z 

XX 

fiiMCathylpaatana . 



*»77o 

973*6z-3a8M3 

3*89 


XX 

3: Blethyl pettUnt « 

« 

3«ee 

1,0x0 

973-303 

5*39 

MM 

Cl 


A. G, Ward, ref. \ 

^ InimufHonal Ctitica tTMss, Vol, V, p. 10 ; VoL VII, p. axx. 
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TABLE I— Continued. 


Siibst.uirc. 


-I-ORT/o 

ivo 

poispti). 

(c«tl./iiinh 
(•1 umt 

piiHM»SVS). 

Temp. RniMic m 
"K. 

Mr«Ui 

Value 

oi 

tnduz 
No. In 
Fifls. 5 
nud 6. 

Kpf(»r- 

VtlCl*. 

(ii) Polar Liquids. 







CuUm (Ubulplikie 


.V3') 

t,28n 

J73’4-3*8'‘»8 

4*32 

8 

TZ 

Suliihiir dioxltk' 


V41 

Ii3<K) 

230 * 3 - 372 »o 

3*07 

ro 

ir 

Arelittio . 


I-Hq 


183*3-973 

K‘ii 

7 

tt 

AooUnie . 


3*73 

1,7(10 

aHo-Hr> 3jri‘8(, 

5‘49 

a 6 

XX 

Mcihyl ethyl ketuu* 


3-<u 

i,gi« 

973*3a-319'-'3 

3*98 

9 

II 

DicUiyl ketruio . 


3*H? 

2,020 

373*4(»-37t‘82 

(1*28 

31 

XI 

Nitrosyl chlnrklo 


4'tO 

2,250 

239*7-253 

0*11 

31 

11 

Dlmfilhyl suliiiuitf* 


V07 

3,010 

973-349*3 

0*73 

17 

xt 

Phwiyl Inoinklo 


.T7r) 

J,3«)o 

97J**-(*3'l 

(»*94 

5 

XX 

Fbonyl cblorklu . 


3*74 

3,jro 

27J-392**» 

f,*<«5 

r» 

11 

Pyniiiiio . 


3*7»» 

2,250 

373-*«4 

o*87 

*9 

TX 

^htolbHj . 


4*3H 

3,97‘» 

282*8-313 

*1*32 

M 

11 

QniiuiUno . 



2,5(N) 

308-148 

(>M »5 

*3 

xz 

Diethyl aiiiliuo . 


4-36 

3,930 

271*5-291 

13*9 

27 

xz 

Diethyl aniline . 


4t)i 

J.080 

in-37i 

8*73 

sH 

xt 

Bensyl benxoatc 



7i5o(» 

278 ■2«« 

26*5 

20 

IX 

Ik'tiisyl hrnfojto 


4111 

3,830 

351-173 

zx*f, 

JX 

IK 

N-MuLliyl cliphroiylanxliie . 

li‘uj 

(,,870 

282*8-203*1 

23*9 

22 

11 

N-Mothyl aiphouylamiiie . 


4.075 

333-353 

XZm) 

93 

11 

liimnal 


4*38 

4,230 

2*|8-373 

*2*7 

20 

XI 

Stnimio ohlorltle 


3‘IS 

M73 

3*3-141 

4*51 

12 

XI 

Metliyl foimntu . 


3*<*7 

r,ftp» 

273*3H-302*25 

5*70 

34 

xz 

Methyl aeetatu . 


3*70 

i,«40 

273* W-295*7t 

6*47 

35 

XX 

Methyl luopkniate 


3'fli 

l,OHo 

373*3fi-390M(i 


36 

IX 

Methyl proptnoate 


3*«>3 

1,730 

94)fi*4*>-J41*40 

3*4= 


xz 

Mothy] bulyrolo 



9,ax(> 

J73*J8-371*J8 

6*86 


11 

Methyl ooioQto . 



3,030 

098-323 

9*83 

37 

XX 

Methyl lanrate . 


4*34 

3,0*0 

298-323 

I2*(in 

3* 

11 

Kihyl pcopkMuiio 


3*8(1 

a,140 

273*39-362*69 

6*74 

93 

XI 

litbyl f>-batyrAt(i 


3*88 

a,a7<» 

998-343 

7*08 

94 

XX 

Rthyl fHvaloruto 


4*08 

2,090 

998-343 

8*(0r 

18 

IX 

Rihyl pdaigtiuah' 


4 *U 

J,i40 

208-333 

10*35 

X(, 

11 

Kthy] Lunate 


4*tU) 

4,4x0 

998-393 

X 4 *ao 

30 

XX 

UUiyl bromide . 


y 5 t) 

t,()OU 

973*34-309*15 

5*4« 

9 

TX 

Peup^ bnunlde . 


3*34 

X,H 20 

973 * 4 S- 340*«6 

3*99 

I 

XX 

UUbgHi iodide 


3 * 3 * 

*,730 

973*28-342*38 

3*59 

.1 

tx 

Pnq^hxUdo . 


3*38 

*,930 

973*30-37X*8<J 

6*o(, 

4 

XX 

Ether 


4'*4 

1,910 

X(> 3 * 2 I 3 

10*15 

XX 

XX 

Biher 


3*80 

1,570 

913-973 

H6 

13 

XX 

Ether 


3-68 

*,430 

973-303 

4*07 

12 

XI 

Iodine 


e*06 

a,330 

38 !K 5>*7 

54 t 2 

39 

XX 

Ghlorine . 


3 -n 

88 a 

196*3-9 19*4 

4*05 

38 

XX 

< 111 ) ^ydroxyl. 

1 

1 

1 

1 

I 

1 

I 

• 




Water 


3*37 

4,330 

973-293 

x6*6i 

6 

IX 

Water 

. 

4*93 

3,940 

993*3*3 

xi-ox 

— 

XX 

Water 


4*49 

S,»7o 

3*3-373 

9*33 

— 

KX 

Snljdunic add . 

. 

4 *p 6 

3,940 

303-363 

17*84 

39 

XX 

Brosnal hydrate 

. « 

ix*ay 

15,770 

313-393 

49*60 

92 

XX 

Aoetamidfl. 

. 

4*73 

4.980 

378-3!>3 

12*92 

93 

zx 

TTretbane . 

. 

5*33 

3.660 

333*353 

16*50 

46 

XX 

UrethaxM . 


4*«7 

4,930 

333*393 

13*93 

— 

XX 

Methyl owdbanuLto 


5*79 

6,990 

328*6-347^, 

x8*6o 

43 

XX 

Methyl aloohol . 

. . 

4**4 

9,350 

973*333 

8*41 

3 

XX 

Ethyl alcohol . 

• • 

4*49 

3,440 

4»-M, 

xz*x8 

5 

xa 


*■ A. Stoaxn and IT. Eyeing, Chem. Rn., 194 (, 39, 509. 
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NON-POLYMERTSED FLUIDS 

TABLE I— Continued. 


Snltslaxit*o. 

{i7a In 
IXlhcb). 

{c.d./nuil. 

o£ unit 
pior(**iM*s). 

Temp. Range in 

&Ie.ui 

Value 

o£i?A/5r. 

Index 
No. m 
Pig**. 3 
and 6 . 

(lli) Hydroxyl- and Hydroften-bondod Liquids— ConUnued. 


«t-Piciiiyl alcohol 

4*»14 

4.110 

? 8 <i* i5-36R*6 

11*70 

7 

«i-Duty] alcohol . 

4*<)0 

4i<‘3o 

e7j*.''7-i«;*rx 

ii-05 

H 

ii-()ctyl iilcohol . 

y08 

6 , 2 SO 


80*02 

30 

lykOrtyl alcohol . 


3,710 

3 - 13-361 

16*75 

31 

Cetyl alcohol 

0*44 

8,350 

353-363 

S4*J4 

19 

^Ptojiyl oloohnl 

5-30 

5,310 

373 * 36 - 331*09 

10*65 

34 

Seoundory butyl alcohol 

3-03 

3,700 

373 * 43 - 311*10 

19*30 

— 

Socoodary butyl oloohol 

5*54 

3,370 

iix*i 6 - 347 * 6 x 

x 6 *qo 

31 

^-Buty] alcohol . 

8.17 

9,3<>0 

993 * 41 - 333*99 

34*13 

9 

Mlutyl alcoliol . 

6*33 

6,640 

3a9*90“35O*o5 

19*05 

39 

i^Axnjd alcohol . 

7*83 

8,750 

373 * 49 - 398-00 

30*65 

33 

<*Amyl alcohol . 

6*i7 

6,460 

344*9I-3£>9*7o 

18*05 

JO 

Poixnio aokl . . . 

4'5« 

3.800 

98o*59-397-z6 

13*15 

4 

Fbrmicadd 

4*03 

3 ,oao 

389 - 30 - 370*89 

8*63 

— 

Aootio acid 

3*01 

9,680 

303 * 86 - 330*46 

8*45 

i 

Acatlo acid 

3*81 

9,530 

337 * 53 - 383*37 

0*81 


Bropioiilo acid . 

3*85 

a ,,340 

877*70-410-05 

702 

I 

fi-Butytlo acid • 

4‘«0 

3,a*o 

876 * 91 - 304*83 

Xi*03 

34 

ft-Butjnio add . 

3*98 

8,930 

388 * 94 - 438*76 

7*98 

53 

Capxuio add 

4*38 

3,900 

989-X-3S3 

xa-73 

44 

fi-Heptyho aold . 

4*34 

4,000 

990 * 5-333 

13*05 

98 

^HoptyUo add . 

4*«4 

3,860 

333-363 

11*95 

— 

f»-CapEyUfl add * 

4*34 

4,100 

393-363 

11*93 

99 

Fdatffonlo add . 

4*63 

4,770 

393-333 

15*46 

— 

PdaiffQolo add . 

4*31 

4,380 

393-363 

13*33 

97 

Capde add 

4*4* 

4,340 

333-343 

13*65 

96 

latodoadd 

4-68 

3,060 

333-363 

15*35 

43 

Myiktlo add 

4*64 

3,370 

333*^63 

13*45 

45 

Pabnltio add . 

4*a< 

3,370 

343 - 36 J 

13*30 

41 

Stcfudo add 

4*79 

3,970 

343-363 

16*90 

40 

Phenol .... 

7-01 

8,800 

391 * 3 - 313*3 

97*10 

zx 

Phenol .... 

3*70 

6,310 

313 * 3 - 343*1 

X9-98 


oOcaioI .... 

9*34 

ixwioo 

973-38 j 

41 

16 

o-Qie^ .... 

4*33 

4,480 

.W3-3«3 

ZJ 

ZJ 

M»-Oca 8 ol .... 

X0*60 

1J,300 

973-««3 

48*5 

17 

ifi>Cr(H»l .... 

4*97 

3»a30 

333-3«.1 

14*55 

14 

^-CXaaol .... 

10*87 

1 J ,<)00 

373-3HJ 

30 

IK 

^Kreid * . 

4*93 

3,530 

JSVJHI 

14*5.1 

13 

o-Hie»di 7 drooroiid 

6*65 

7,W 

3 x 3 - 1 - 338*9 

54*55 

37 

o-HoxahydxooTDaol 

6 *o 6 

7,530 

3.1«*9-3f»3 

ttO* 6 o 

38 

Menthol «... 

6*86 

XX, 600 

3<»7*9-Jfl9*!) 

36*33 

18 

Glyoord .... 

8*86 

19,730 


43*3 

to 

o-Tolaldinfl . • 

6*85 

7,360 

973 * 31-983 

96*5 

90 

o-ldnkUne 

4 *aa 

3 i68o 

3*3-373 

xo*xo 

X2 

(iv) liquid MetsOs. 
Uttonxy . . , * 

a*a5 

398 

973-873 

1*85 

4 

Sodhiui • . ■ • 

a*67 

960 

373^«0 

9*39 

6 

Maadom 

3 -ox 

1,130 

373-473 

9*71 

7 

SBtvec «... 

*-04 

4,870 

*«73-*3a5 

3*48 

XO 

SMno. . . « • 

3*38 

8,930 

7*3-978 

3*90 

8 

f^mhwi , , ^ « 

a*x 8 

1^85 

693-873 

a*xa 

X 

*lSnL • • k » • 

a-38 

XA 03 

674^10x8 

von 

3 

Lead .... 

a*39 

3,330 

693-XXX7 

5*67 

9 

Antimony. . « • 

«*54 

3,9*0 

973-W73 

4*38 

3 

Blwwith .... 

ao^a 

1,715 

373^873 

4*36 

4 


Reft i- 
»*mr. 


IX 

11 

XJ 

XI 

IX 

XX 

It 

Tl 

XI 

ir 

XX 

n 

XI 

XX 

XX 

XI 

it 

XX 

II 

XX 

IX 

XX 

XI 

XX 

XX 

XX 

IX 

II 

Tl 

XX 

ZI 

It 

XX 

XX 

II* 

XI 

XI 

IX 

XX 

xz 

It 

XX 

II 

IX 


XO 

xo 

XO 

xo 

xo 

xo 

xo 

10 

xo 

xo 
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TABLE l—CoHtiiuied. 


Sutistrtiri*. 


(i 7 o 

1HUM>S). 


Ka 

(< al./miil. 

of uiui 
pjticossps). 


IVnip. K^iuko in 
"K. 


Mi*an 

Vdlw 

of rjr. 


fndos 
No. in 
I'lRS. 1 
anil A 


Refer- 

mcis 


(v) Ionic Liquids. 


Sodium rliloruir 


371 


1 ZX 4 - 1 XQ 7 

8‘zx 

9 


Sodium bmiiilcli* 


4-01) 

xo,(>3o 

xo33’'X03J 

zo>a 

7 


Soduioi mli.Ue . 


2*»X 

3,410 

38 i>r»oo 

5 * 3 « 

3 

IX 

Socllmti hydiotidi* 


.rj3 

M 7 <> 

6jj-hj3 

8*1^ 

10 


Pntnsuum rhlmitU* 


J‘15 

7,830 

1063*1308 

6'6i 

6 

IX 

Polasahun bromide . 


3*33 

7 ,ytio 

1018-1078 

7*6i 

h 

II 

Potavihun nitrate 


Vt2 

AA7^ 

020 - 77 !) 

(■1*40 

J 

tz 

XViUusumi bydroxkle . 


Thi 

(»,I30 

073 873 

7*94 

IZ 

XI 

PotusMum dlduonute 


3*07 

f »,740 

670-780 

H'SO 

li 

XX 

Sllvei bnmude . 


3-07 

3,140 

H8a-q()X 

3 -HR 

3 

zz 

Silver bronikli* . 


a-84 

4.340 

(>(il-X076 

4 * 4 f» 

- 

XX 

Silver iodide 



3,«io 

87H-IIOO 

3*01 

1 

IX 

Silver luirate . 


i -78 

3,430 

, 3 I^ 6 l 5 

371 

4 

XX 

Lead ohloniie 


Vii> 

7 , 7 «o 

771-881 

I 0«74 

14 

It 

Lead bromide 


y^i 

7,370 

btS -763 

9*43 

IS 

IX 

Rhimith chloride 


J-Si 

4,960 

533 -hi 3 

8*03 

13 

IX 

Lithium uitrato. 


3*69 

3,970 

514-337 

ie*Qi 

z6 

XT 

Lithium nitrate . 


yn 

4,770 

337-391 

8‘31 

17 

xz 


Relationships in Homologous Series. 

Id an homologous scries oX estorsi acids^ alcohols or hydrocarbons the 
data show that botli and -- Log increase as the molecular weight 
increases. These data have been extended (for Ej) to very high mole¬ 
cular weight hydrocarbonSi^* lor which it was suc^estod that tends to 
a Uxnitixig value. Fig. x shows as a function ox chain length Sre several 
bomologons series. In eveiry series increases less and less rapidly as 
the chmi length grows, and there seems little doubt that with esters, 
alcohols and acids as with hydrocarbons tends to a limiting value. 
This limiting value may bo diUorent in the various series. The ratio of 
for ester, alcohol or acid to for h3rdrocarbons la seen from Fig. x 
to tend to a constant value as the chain lon^h rises. 

The increment in E^ over that for hydrocarbons, when polar groups 
are introducod, is in the order 

>—CO.OH >--CO.OR. 


It is seen that the Ei^ vs. chain lengtli curves oC Fig. x actually diverge 
somewhat with increasing diain length; {.a. tho incroment 
in E^ increases with growing chain sire. Another unusual 


Y 


I 

(I) 


feature is tho weU-deoned mmimuni at ixrapionic acid in the 
curve for fatty adds. The abnormality of formic and acetic 
adds is probably a result of particularly strong hydrogen 
bond interaction, which is a maximum wim formic add. In 
the molecule I it is thus likely that both H-atoms (i) and 
(2) can form hydrogen bonds. 


The Magnitude of 

Data of Table I (iii) and Fig. x show that E^ is very large for the 
alcohols, and considerably greater than for the adds. It is inferred tl^t 
a high degree of co-ordinated structure must occur in such hydroxyl 
bonded fluids, and that this structure must undergo considerable local 


w W. Kausnuum and H. 

3 * 


l^yring, J. Amar. Chm. Soc.^ 1940, dSi 31x3. 
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breakd(»wii before Ihe unit act of ilow <K;curs. Moreover, (or llio lower 
molecular wetRlii alcohols the values of 1 £^ iuci'cascH in the ordiM:: 


Primary Mcohols < Secondary Alcohols 'rcrtiary Alcohols. 



Bto. 1^ -Helaiion between and chain length for some 
homologous Boxies. 


is esiHH i- 
idly large Ini aio- 
inniie inohMMiles 
containing hy- 
(UoKyl groujis, or 
(or a1i])hatic mole- 
culea with scviTal 
hydroxyl groups. 
I'Yctineutly 
may compare 
witli tliat for cer¬ 
tain chemical re¬ 
actions. In this 
connociion the 
crosols, menthol, 
glycerol and 
bromal hydrate 
are notable When 
is very large 
it is lrcq.uan.tly 
found that it de¬ 
creases asympto¬ 
tically as the 
temperature rises 
(Fig. 2). Rise 
in temperature 
causes a break- 
doivii in the low 



teniperatnreatruclureinthe liquid, 
so that the unit acts ol viscous 
flow take place witlioiit the nood 
of first breaking down an existing 
structure. 

In ionic melts, /j\ is often 
coiisidcmhle, again iiulicatiij^!: a 
degrcHi of htruclun* in the Ktiuid. 
There is a strong tondoncy in 
such a iluid for '|>osifclvo ions to 
bo c.o-ordinalod by negative ions 
and vice versa, ratlier than for a 
purely nuulom army of ions. 
Thus the unit act of flow involves 
an ionic oluster, which undergoes 
breakdown only when iho cluster 
has absorbed considerable energy. 


Fig. aa a functioii of T for certain 
liqxiidet 


Propertids of 

'Whoa —Log n, is plotted 
against the ebam length for an 
homologotu soties, the value of 

— Log IncreaBeB but at d 
ditaimshing rate, as the molecular 
vreli^t xuios (Ifigs. 3 and 4). 

— Log 1}, may eventually reach a 


* diagtaaa eftowtog how ihls may happen, too tef. K Pigs, i and 2, where 
ttA analogous pioldm of place eottitangn in 80^ la oosaldeied. 
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7.0 




2m/AIakel&si:i 

> A 

4ihMAhMfi7St 

V / 

so 

5 

6 

n C^MobJ (in 




L 



/ Humhtref farhondton^s, 1 

[_£_ 1 

/3 /7 ir ^ 


limiting aize iov very long moleculca, which would moan that the activated 
zone tends towards a limiting aize lor very long molecules. 

When - l^)g ih plotted agjunst at constant T, a nearly linear 
relation is always found.* 1'lieso linear rclatifms Juive been previously 
indicated, aiul their signilicancc 
discussed.* 'Hicy clonoic increasing 
zone size with increasing / 4 * As 
tends to a limit, so docs - T-og 
for any homologous series. 

When — lx)g lyalsjdottccla^inst 
/i\ Cor several series of liquids at 
dilferent values of 7 \ the linear 
relations Itavo BlojHis which increase 
as T clccroa8c.s. A great many 
fluids covering the te'mpcraturo 
ranges <)o° K. to jyoo" K. are in- 
cludeil in I<"ig. 5, which serves io 
demonstrate tins relationship, 'Fhe 
nabire of the molecular forccw in- 
volvcfl does not appear to be im¬ 
portant. It will he noted that this 
behaviour is in accord witli the 
zone theory (see p. /{<)). 

Moreover, when - T-og is 
plotted against ICJT^ tlio slopes for 
all fluids should be the same (p, 49). 

The intercepts made on the — J-»og axis when /ia Icutls to zero should 
differ approximately by Log Ti/ 7 'a for data at lomperatures Ti anclT*, 
rcspoctiv^y (see p, 49). Except at very low and very high temperatures, 

this dilforonco in lutcrccpt 
will bo small; that is, 
liquids should approximate 
to a universal curve. This is 
wdl demonstrated in. Fig. 0, 
whore the median straight 
lino is shown. The mgh 
temperature data for liquid 
met^ and iouio meltB lie 
slightly bdow this line aiul 
the data for liquid pemm- 
uetit gesess lightly above it. 
Tlio spread oi all these latter 
points is as required by the 
zone tlicory, Ihe higli 
temperature data are below 
the lowca: tomperaturo data 

ot tli8 

median lino is 


Fig. —Ch'latlnnhotwocn— r^ogi^s and 
number of carbon atoms lor hon«* 
s-silcohols. 
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Accordingly, 


Fig. 4.—^Hdatioxi between — Logiy^ and number 
of carbon atoms for some w^acids. 

Log « 2*43 + O'xeystJT 

= 3'7i X iO“* 0 077 ^ 4 / 112 ' poises, 
aud ij =• 371 X lo-* t/ytasiiuo’ poiate 

The viscosity of any particular liquid may then be given ati 
ij >sr A. 3'7x X io“» eO’tWiyasp poifien . 

* This linear Xorm may be predicted by tiw sono theory, as is shown in the 
next paper (Ft. 11). 


(I) 

(i) 

( 3 ) 

( 4 ) 
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NON-POLYMERISEl) FLUIDS 


where k allows for any deviation of that liquid from tlio universal equation 
(3). In some liquids it has been shown that ^ lunction of T (Fig. 2), 
and ihen and k ajipropnaie to ihc temj^uratiiro lange considered arc 
to bo used in Ihc equation (^). 

When tlie ctiuaLious (^t ihc provums pajagraph are compared with 
those of the traiiHituni state luetliod, one has 



]?^Q« 5.— va« JCi for fluids at diflerent t(*nipomiutcs. 


where V ie approxitnately tlio volume of a unit of flow, and AS* the entropy 
of activation. For the median curve of J^lg. b one then has 

. . . ( 6 ) 

This equation supports tho prediction (p. 40) that the outnqiy of activaiiou 
is made up of two parts: 

(1) A positive component dei>ending directly on as rcciuirod by 
the zone theory of viscous flow and given by tlie term 

(2) A negative component not depending prltnarily on According 
to the zone tibeory this component is the result of Ryndironisation between 
certain rotatory and vibratory int6r-<malecular movements necessary for a 
successful unit act of flow or diffusion. A number of Idndg of co^oporatlvc 
movement may lead, within each activated zone, to a successful act of flow 



R. M. r.ARRER 


57 


while a range of zone sizes may contribute to flow.^ If one zone size 
dominates in its contribution the co-operative entropy is AS a ^ i? In S{x jm) ** 
where (j/w)*‘i8tlic pn>bability that each of »i)articles moves simultaneously 
ip one of w preferred directions, and the »*s and wt's may alter among the 
temifl in llu* summation, according so the iyi^ of co-operation. Thus, 
from Ai»c one may calculate i 7 (i/»*)•, the co-operativo term. Wlien 
EJT is MUall, the term o^jyEJT may bo less important tlian this co¬ 
operative entropy term, and so AS* assumes a small negative value {cf. 
ref. 12). If /J4/7’ is largo, AS* becomes positive and often considarablo. 
Table 11 shows the suodivision of the ob^ved entropy of activation 
AS* into tile two components • the entropy of zone loosening (AS**) duo 



Fig, 6,— — Log vs* MJT* 


to absorptiotL o£ the energy and the co-operative entropy (ASa*). 
In oolunm 7 are given the co-operative factors corrof^nding to A 5 o*. 

Discussion. 

The present treatment of viscosity at first sight appears difierent 
from treatments assuming holes *’ in the liquid as a preliminaxy to 
the unit act of fiow. In however, the zone theory includes such 
treatments by postulating the need for synchronised movements in such 
a way as to permit place changes. One suitable t3q>e of synchronisation 
is obviously hole forxnation, wWe each of n atoms momentarily draws 
away from a certain point living a ^p where readjustments may occur. 
If iheraiare m preferred dfrections of intermoleoular vibration, the chance 

“ ref.», p* 477, p. 486. 
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NON-POLYMERISEn FT.UIUS 


o£ a hole being formed is then (see p. 56), and the term ASj* or 

entropy of co-^eration given, in Table 11 bwoinoa pari of the entropy of 
hole fonnation. Howxjvor synchronised niovomonts may be imssiblc whicdi 
on absorption ol the energy culminate in a unit flow process without 
involving any actual hole, and the zone theory, recognihing this, allows 
lor any Iruitful co-oixsrative moveraonls. It turtlu»r einphtwises the role 
oC the activation energy in loosening a /one within winch llie miii flow 
proctiSH occurs—a role wluch it is large is slmwu in tills papier to 
dominate the process. C>no notes iluit A»SV* m Table II, unlike A5a*, 
remains relatively consttiul. That is, the oo»operaiive olicct is similar 
lor numerous liquids, as indeed is to l>e inleiTed Irom Mg. 6. 

Copley« observ^ relaiions between 1 -og ijo and ii\ on plotting 
Ward's viwosity data. Curves for liquid jKjrinauent gases (^90® K.) 
lor polar Liquids (^3^0® K.) and for ionic molts 1000® K.) had dilferont 


TABT^E ir. —Entropy of Zonb 1-ooskning (AS**) and Co-opbrativb 
Emaoinr (A5o*) in Vrscous Flow. 


tjquuL 


Glyunul . 
Bthort . 
ICtocmy . 

Water 

Mftthyl tilruhol * 
Uihylaloohol . 
(dooliQl 

iMhPmpyl olodhol 
n-Bntyl altebd . 
olcubol 

ao-Peatouc 
ff-Uoxone . 
ffOctan? . 

Uthyl btomlfk . 
UthylkxUdp . 
vi*»Tlutyl Uiomltb* 
Atelouot • 

I'attKm ihstilehftte 

I’htnyl obbtidfl. 
Hiatyl bxottldo 


lamp. 
Range (. 

tiL 

(Cal./Mol. 
at Uttil 

Ai» 

(jL/MuI./ 

d&V 

CaL/UOL/ 

As.* 

The Co-opova- 
tivo Factor 

Procters}, 

Degiw. 

Degtec. 



ao 

ii,7ao 

iq-6 

33*4 

- I1-8 

io-» 

an 

t/no 

-3-0 

5*0* 

—10*0| 

6*7 X 10 4 

3U 

S45 

— 0*#| 

^‘4i 

- r-6, 

au X xo'’ 


3i38o 

4*0 

8*0 

- 4*0 

x-4 xio-^ 

30-yo 

9,000 

—I’* 

4*Q 

— fi-O 

5 X10-* 

30-70 

3,440 

*'4 

8*1 

- 6*7 

3*5 XI0-* 

30-70 

4,080 

1*9 

9*0 

- 7*7 

a*x X lo'* 

30-70 

3,of)0 

3*1 

xx*9 

- 0*8 

3*3 XXO-* 

JO-70 

4,08o 

1*0 

zi*o 

— 8*0 

1*8 \ 10 • 

30-70 

3,740 

0*0 

11*3 

- 7*5 

a*3 Xio-* 

30-70 

i.fiTO 

-a*8 

i*5* 

■ 8*7* 

3*5 X 10 • 

10-70 

1,130 

i*o 

3*6 a 

- 7*»»| 

a*a \ 10 * 

10-70 

i,79ti 

- jt*a 

4-4* 

6*4* 

4*0 X 10"* 

m 70 

x,8oo 

-4*6 

4*4« 

8*8* 

t*a X 10 * 

30-70 

j,8jo 

-a*4 

4*8 

- 7*4 

#•/ X 10 • 

|0 7u 

T,1fX) 

4-4 



1*33 X ZO ■ 

3070 

r,1V» 

-4*H 

4*»t 

- 8*Ua 

i*a X xo"* 

7*W* |7‘HJ» 

i,7t»o 


4* *• 

0*4* 

9 X xo • 

JO 7« 

i,«7t* 

4**l 

iv* 

7*0, 

a*x MO • 

3070 

I,W 

4*4 

4*4i 

8*44 

i*4* X X0-* 

jo-70 

i,Ofjo 

• 4*<‘ 

4*(»* 

- 0*4* 

10 • 


slopes but apmroutly a coimuon origin. Ward's data, liowover, require 
some arithmetical corroc^ii, and the corrected dutfi aro all inchulod 
in Fig. 5, The best median Hues do not havo a common orlfd”* More- 
ovcr> the dilferencos In slope are not due, os suggested, to dillcreucos in 
jmemcal type, but to the different tomporaturo ranges involved. Thus 
liquid metals and ionic melts, oxaminod at similar temperatures, give 
distributed about a modlan - 1-og Ih (F'iR* 5) appropriate 
to the mean temperature, irrespeotlvo o£ whether metal or ionic melt is 
involved. Snnilarly, a-polar liquids examined in the range o-roo®C. 
belong to the same modlan lino [which is appropriate to 50^ C.) as do 


J The value <a Ea. for other aud acetone mo taken JErom Table I (ii). TJio 
valueajxvein by Stem and ttjFting » appear to be low. Othorwl«e tlrir data 
SL’**”' ’tT^^*'***^** importantly from tho oalonlatioue In 


thi«_pmer (Table I). 

” G, N. Ci^loy, Naiuft, 1041, 


147, wj. 
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poiar or hydroxyl l)ondcd liquids studied in the same range. On the 
other hand, points for any a-p(ilar liquids examined at liquid air tompor<- 
aturcs fall on a quite diilcront curve. 

No aitempi is made hero to discuss properties o£ functional relations 
botwoon r^)g /lo and (freun i) - e but attention has boon 

drawn earlier to the existence of such relations, and to the continuity 
iKJtwecn liquids and rubbor-like polymers as diffusion media.* BolJi 
pr()perties are predicieil by the zone theory. 

Summary. 

The Arrhenius (Kj[uatiou (ij - - o luw boon used in a study of 

the viscosity of many pure liquids of all kinds. In some varies with 
temperature, in others it is nearly independent of temperature. Vari¬ 
ations of i?A. tlw nature of the liquid; and of and l^og with 
chain length in some homologous series are discussed in terms of current 
views on the liquid state. 

Consistent functional relations arc found between — Log and 
These apx>car os straight linos of slopes and intercepts on the — Log 170 
axis increasing as temperature decreases. The same consistent behaviour 
is noted when — Log ffg is plotted against Ej^/T* Those relations are 
independent of the nature of the liquid for liquid permanent i^os, a-polar 
liquids, polar liquids, hydrogen and hydroxyl bonded liquids, non- 
polymori^ ionic melts and liquid metals. The data approxi^te to the 
genered viscosity function 3*71 x lo-* e poises. 

The zone thix)ry of viscous flow gives a satisfactory interpretation of, 
or predicts, the various properties observed above. 

The Chemical Labm*atarieSf 
The Technical Callege ^ 

Bradford. 


THE VISCOSITY OF PURE LIQUIDS. 
11. POLYMERISED IONIC MELTS. 


By R. M. BAnoBR. 


Received nth December^ 1942. 


The glasses and polymerised ionic melts constitute a group of fluids 
of major importance, wUch os the sequel indicates show certain differ¬ 
ences from previously considered liquids of Ft. I, although behaving 
consistently as a class. All liquids in this category are characterised 
by high viscosity, 131 , and a largo Arrhenius energy of activation, 2L, 
c= Considerable attention has already been paid to the 

influence of temperature and composition upon viscosity 


* li. R. Lillie, f. Am, Cer, See,, X939, aa, 367. 

* B. Janckel, z. physik, Chem,, A, X939* ti4» 309 * 

» E. Sodden, /. Soc. Glass Tech,, 1939, 33,36. 

*N, W. Taylor, /. Am, Cer, Soe,, X 939 . sw* i. 

* N. W. Taylor and R. F. Doran, Glass, Ind,, 1939, ao, 173 ; ibid,, 1941,04, T03. 

* N, W. Taylor and P. Dear, /. Am, Cer, Soc,, T937, ao, 296, 

7 N.W. Taylor and McNamara and J.Shennan, J, Soc, Glass Tech,, 1937, ai, 61. 

* G. J. Bair, Am, Cer, Soc„ 1936, 19, 347. 

•M. 


Scohpr, 


Bull, Soc, Chim, Bel 


1938 , 47t 88 ?‘ 

Cliemisiiyt VoL V, 1941 odh., p. 541. 


« TUorpo's Dfcikwkwy 0/ ,, 

IntemaHonal CriHcal TaSles, Vol. VU, p. aia. 

^ M. Volarovich and A Leontieva, J, Soc, Glass Tech,, X936, ao, X39i Sample I, 
third series. 
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POLYMERISED IONIC MELTS 


The Data. 

Typical data arc presented in Table I, and Fig. i shows the relation 
between - l-og ijo and liJT, for a variety of such Ihiids. In this figure 
is given, in curve x, the con:os|H>n(Iiiig median lino from ref, ro, Pi, I, 
Fig, <», t<wr non*p>lyinerifioxl Ihiids at K. I'lie hdlowing behaviour 
is noted: 

(i) There is a charactcriiitic relationship l^»g and HJT 

recalling that already observctl for simple li<[ui(lH (rei. lo, b^ig. 0). The 
now median lino Ls considerably below that for sinipJc Uqiiiils, which is 
reproduced for compariaon in b'ig. x. It seems probable tliat tlie median 
lino of Fig, t, winch covers the valuas of liJT from 8*6 to 2627 and o£ 
— Log ^0 42*^# ^ slight upward curvature. 



Curve (x) is tlio oorteapondiog curve at K. Cor molecular lluids.i^ The data 
taken ixoni Sculiy * are not numlssnsl. 

(a) The median lino for simple liquids lies alK>vo that for polymerised 
ionic melts, by amounts coxusiderably more than tho term l^g TilT% ol 
ref. p. 46. The initied slopes are also slightly cliilcrent. That tho median 
lixie lor glasses lies below that lor simple liquids Implies that for a suc¬ 
cessful unit flow process in glasses more complex; phase relaticms between, 
vibrations and rotatkma must be InliUled, ^0 mlttal smalto slope for 
liquid glasses indicates that for a given E^pT 'tiio activated zone is less 
loosened than it is in non^olymerisM fluids, 

The median curve of Fig. i can be accurately represented by 

— Log ij, M 0*115 + 0*00x52 Ej^/T) . s (i) 

for 8*6 < EJT < 2627 (Table I). Over the range 8*6 < EJT < too 
the curve is given without appreciable error by 

- Log «i 0*115 .... (la) 

Baner, tMs joumait pmdding faptr. 
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Tablk t.— ViscoHiTY Data for Polymbriskd Ionic Mklts.* 


^ Glas,. 


/tA **>•/ 
Av(iK.i(ho 
NuinlK*! 
u( Unit 
1 ' 1 (ICH*SS 4 *S)* 

Trmuprdluir 
KaMRP (»* C.). 

/•A/r 

Mean. 

f 

(Nenifst 

Whole 

Nmnbei). 

TdUI 
Euetfty 
perlH‘«ree 
o!Krcednm 
bi iho 
AitiVtited 
SUto. 

Rpfof- 

onci*. 

1 



54 i 7 oo 

730-1,000 

47*7 

9 

8,340 

It 

I 


4 -h!» 


1,000-1,300 

35*9 

7 

X 0,200 

XX 

11 


5*0(1 


x,ouo-i,3oo 

33*9 

7 

10,200 

XI 

IV 


X'OO 


1,100-1,300 

* 3*5 

3 or 3 

ro,90o 

II 

V 


1*30 

17.700 

1,000 x,300 

X 3 M 

a 

X 1.800 

IZ 

VI 


vyo 

20,700 

1,000-1,300 

14*33 

3 

9,700 

IX 

in 


X >48 

17,200 

I,J 00 -X ,200 

xa*i 

9 

XI.400 

ZI 

III 

• e « 

0^7 

13,100 

1,200-1,300 


3 

9,400 

IX 

BA 

• ■ 4 

x»go 

31,400 

750*850 


4 

?, 5 <» 

12 

B|P. 

• 4 « 

X*2i 

X7,ft)0 

H50-X.XOO 

14*30 

3 

8.400 

11 

NaPO, 

• • » 

3 ‘yo 

90 ,iOO 

650-700 

2 IM 5 

4 

7,000 

X 4 

NaFQi 

• • • 

aM)o 

16,700 

800-850 

* 3*17 

3 

7,700 

12 

Na Umo fllUoalo I . 

2574 

I 40 ,CKK 1 

475 - 3 i 5 

t8i*5 

— 


7 


.1 6 . 

39*59 

133,000 

471*536 

199*5 



5 

PoUSh linuailuato 5 

MM 3 

103,000 

523-557 

UH 

— 


3 

Potaih Bilioale x 

18*15 

106,000 

450-494 

143*4 



5 

II 

tl 3 . 

18*04 

105,000 

441-494 

141*8 

— 


5 

fi 

tl 3 • 

90 * 4 X 

1X0,000 

499-494 

1497 



5 

SA 

. 

, 19*59 

* 77,500 

1,890-1.440 

108*3 

80 ur 81 

**,740 

*3 

HatJUcateVU 

34*99 

* 39.000 

490 M 70 

« 1«7 

— 

— 

7 

II 

II r • 

4*69 

49,300 

900-X,000 

40*5 

9 

7,900 

X 

»i 

II * • 

3*xo 

40,000 

*i300-r.400 

347 

* 50X6 

10,500 

X 

It 

tl s • 

4*94 

46,000 

000-1,000 

iH 

8 or 9 

7,800 

t 

It 

»i ^ 

9*93 

37,300 

1 , 300 - 1.400 


3 

10^700 

1 

It 

tt 3 * 

4*31 

46,000 

900-1.000 

97*6 

8 or9 

7,800 

t 

II 

11 3 ■ 

9 *sy 

37,500 

i i, 3 oo-MOo 

83*1 

3 

*0,700 

t 

It 

H 4 

4*34 

47,4001 

! 90CHI.000 

sH 

8 or9 

7,800 

t 

I* 

It 4 • 

3*00 

37.300 

1.300-1^^00 

93 *X 

3 

10,700 

t 

It 

tl 5 • 

4 *fil 

47^00 

900-1,000 

38*8 

Soro 

8,000 

t 

II 

tl 5 • 

3*01 

37,300 

1.300-1,400 

•93*1 

3 

10,700 

t 

!• 

It fi • 

4*34 

43.300 

900-1,000 

37 ** 

8 

8,100 

X 

It 

It fi 

3*49 

40.000 

1,300-1,400 

* 4 '? 

5 or 6 

10^400 

X 

ft 

It 9 • 

4*01 

41,900 

900-1.000 

34*3 

7or8 

8JOO 

X 

II 

If 9 

3*31 

37,500 

1,300-1,400 

93 ** 

3 

10,700 

t 

11 

It *5 

4*31 

41,300 

900-X.000 


7or8 

7,400 

X 

It 

tl *3 

3*68 

37.500 

X.300-X1400 

93*1 

5 

10,700 

I 

II 

n »0 

34**8 

136.000 

44 d* 4 M 7**9 

9 X 6 

- 


6 

If 

» * * • 

33*64 

135.300 

449*3m7**5 

8 X 9 

— 


6 

It 

„ Ko. a . 

3 l*fi 3 

X50/WO 

43 }r.^ 45 n.o 

907 



6 

11 

It «• 

30*0 

X45.00O 

435*0-469*8 

196 

— 


6 

tl 

„ Ko, X . 

3175 

*33,800 

487*8-47x«o 

3 XX 

— 


6 

Lead iCUoate Ko. 30 1 

aj'V 

146,300 

430^*4 

196*3 



8 

It 

„ No, 40 

34*4 

158,300 

400 M 54 

895*8 

— 


8 

•1 

„ K0.50 

36*8 

* 33.300 

361-495 

330*5 

— 


8 

11 

„ Ko, fio 

49*8 

*63,900 

333-370 

868*7 

*— 

H 

8 


* The extensive data of Scohy * may be added to this Table, but owing to 
thdr nninber, and availabiUty in suitable form elserwhexe, they axe not inclnded 
here. Analym of the difiexent glasses xefBorted to in Table 1 are given in the 
orightal refsienoes. 
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Thus the mean viscosity functiou for the glasses ot Table 1 aud those 
listed by Scohy, • covering numerous reliable data, is 

^ „ eO-w-ffA/iw poises («•() - EJV . 

01 V |x>isefl (8*6 • EJT loo) 


I'hiih for any particular glass one jnay wrilo 


where k is a constant iutioduccsl to allow for individual devialioiis from 

the mean cuive. These etjuations may 
1 x 5 compared with the corresponding 
equations of ref. p. 49* 

Scohy*a • study oi tlio oKj[)oneutial 
viscosity-temperature relations in glasses 
permits calculations of 74 a function 
ol T in the range 800-1400" ('. Tyi>icAl 
ilata (Kig, z) show that J4 decreases with 
rising toinporature, just as in hydroxyl 
bonded liquids (ret. Pt, f, hTg. 2). 
This decrease is to lie associatod witii 
decreasing structural cnmi>]exity of the 
glass melts. must be determined as 
a function of T in tlie siccurate use ol 
eciuRtion (3). 

Theoretical Form of 

— Log 1/0 vs. Ea/T Curve. 

Tlie zone theory in (juantitative form 
should bo able to predict tlie linear (J^'ig. 
6, ref. ^®) or nearly linear (b'ig. i, thte 
paper) form of mo *■- Log ly# vs. EJT 



Ero. 2.—VaiiatLoa of Ea with 
temperature for typical 
I^^LSses, from data of Sewy .* 

Tbjo numbers xeler to the 
pariicular gloss studied. 

ciurve. It will now bo shown tliat,' subject to reasonable approximati( 7 ns, 
this is indoe<l true. The viscosity c<ination is 




E/’^ U 


f»l 


i)l 


. ( 4 ) 


Here ^ denotes tlie tlnidity, pf is the co-o|K)rative factor, oi ref. (tliere 
being a dUforent and appni^ato for (<ich term in the sumntalion), 
£ +/RT is the totjil energy per Avogodro number uC actlvatocl 
degrees of freedom, Aj and <l are dmtanci^ of inolocular magnitudes, tq is 
the mean period of osoiUation o£ Ubratiug groui^s or niolocules wlUiiu the 
activated zone, h is a quantity liaving the <Iimonsions of a volume,* and 
/ denotes the number of degrees of freedom in the aotivaleci zone. Ke- 
writmg (4) and using the exprassiou ^ ^4 e gives 

+ . (3) 

where h By employing the /all expneeion of Stirling's 

i^eorem,t one may expand the factorial in (5). If also the summation 


* For a derivation ol this equation see rol. . 

t The apprcximalion used is valid for all values of/, from unity upwards. 
Barrer, Ttms. Sos.^ $S, 322. 
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may be replaced by a single doniiiiaut term ♦ (c/. Fowler and Guggenheim 1*) 
one obtains 

lii^o pn/i -illlnp, • (/-• J)ln (/ - i) 

l■{./ 0»n/I 0"l-i) . (f.) 

Trial shows that the tunns (/— J) la (J - i) and (/ - i) hi/ liave but 
slightly dinerittg vsUm*s for rc*v*onable values of /, and since their sign*^ 
are oppewite they aojirly ciincel, contributing little to the observed large 
range in — In 170, and so 

In ^0 - In % In Ax I- In Pt -f- U - 0 1" -I- i) ■ (7) 

where hi - [In/? - J hi 2ir — J], “llic simplest tixpresvsion ol premise 
(i) of the zone theory (ref. p. 40) is that pHJRT - / where <3 is a 
constant. Accordingly, 

In^, lii/fi I Inp, + In . . (8) 

It is apparent tliat equation (b) has tlic observed linear Corm of the 
— Log ijo ^9, BJT curves of l**ig. (>, ref. in which c-«5 < EJT < 50. 
Similarly for glasses, b'ig. i of this paper shows a nearly straight lino for 
the range 8-6 < EJT 100 of Table 1 , and deviations from it are still 
slight over a greater range in Poviations from a straight lino in 

the sense of big. i wouhl lie antieijmtod from equation (8) cither if In p, 
increased appreciably for very large values of EJT, or if, as also scoins 
likely, a number of terms in pf and / (ext. 7) contribute to flow when tlic 
zone is large. 

Values of ijo- 

In Table I tlio extreme values of axo 2*14 x io->- and 1-38 x /o-®* 
poises. This remarkable range must bo explained in a reasonable mannor 
by an adequate theory of viscous flow. The transitiem state method 
interprets suoh a range in terms of a variable entropy of aotivatioii. It 
does not of itself give any physical picture of tlie origin of this entropy. 
Attempts to extend l^enkel's treatment of simpU liquids to 
pol3rmeiisod ionic melts have through misapplication led to impossible 
resmts.t present view is that the positive part of the entropy of 
activation X arises from a looBoniug of the fluid mthin. the zone due to 
absorption of cnorgy in oU the degrees of freedom ooiistltuting the zone. 
The number of tmose degreos of freedom may be considerable. The 
entropy increase may bo largo if and zone size are largo, or small if £4 
and zone size are small. Mjoreover, eciuations (8) or (7) of the provioutt 

** Fowler and Guggenheim, Statistical Thsnnodynamlcst C.U. 1 \, xe3<), p. 4(98. 
^ K. I^ton and jS. Sodden, /. Soc. Glass Tern., X037» ^'^ 3 * 

J. Frenkel, Z. Efiysik, 1920, 35, 652. 

♦ This requires that the value of one term ^ p/ thould bo 

much greater than that of any other term in the summation, ft is likely that 
a limited spectrum of these terms in equation (e) would be a physioahy more 
corroct, almough mathematically loss tractable, approximation, especially for 
targe zones. 

t The view developed was that the range in is a measure of the ran^ of 
“ cluster sizes or sizes of units partidpatiag in each unit act of flow. If at 
one end of the scale the cluster sizo were ro*-*® o.c., at the otihor it would become 
xo®® O.C. Moreover, even in tiie largest such cluster the energy of activation is 
still assumed concentrated in a bingle degree of freedom, having a pxebablo 
volume of 4%^ io“»® ex.' 

t There is a n ogativo part, resulting from the term pf ot equation (4) (see ref. ^®, 
Table If, and p. 36}. 
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section for a reasonable choice of j5 or of / respectively, and using the 
exporimciital values of EJT will easily cover the extremes m without 
lesiding to auy physically unacceptable zone size in the unit process of flow. 
II is emplinsiscd tliat the activated zone itself is not rcganliMl as moving, 
but that within the zone its components undergo a reorganisation amounting 
to a release of strain, i,c» a shear, under the forces jirodnciug viscous flow. 

Degrees of Freedom Involved in Plow, 

In a previous section premise (t) of tlu‘ zone tluKiry wius exiiressed 
as pEJRT J, and from e«piation8 (la) and (8) it can bo shown that for 
numerous glasses p -s o*/|4. One may accordingly calculate/, the numbea: 
of activated degrees of freedom involved in each zone in tlie act of flow.* 
Those values of/are gi ven in column 6 ol Table I for those glasses for which 
eciuation (la) is a reasonable a])proxiniation. The same method may 1 )e 
allied to molecular fluids. Tlius tlie equation of the median line of 
ITig. 6, ref. i®, is — Log tjq 2*43 + 0*167 EJT whence P in equation (8) 
is x*45. Then from pUJRT ^ f one finds the following extreme ranges 
in / lor the liquids of Table I, ref. :— 

A-polar liquids./ - 3 to 7. 

Polar, hydrogen and hydroxyl bonded liquids / ~ 3 (for ether) to 

37 (for^-cresol). 

Liquid metals./ = i to 3. 

Simple ionic melts./ « 4 to 8. 

Table II gives details of these and other data for simple ionic melts, to 

be compared with the 

TABLE II.—Toxal ErnsRoy fbr Dbgrsb of corresponding data for 
Frbbdom ih tbb Actxvatbu Stats m Simpus polymerised ionic melts 
lOHic Liouids. Ja table J. 

The Total Ener^ 
per Activated 
Degree of Free¬ 
dom. 

Vtom the observed 
energy of activation 
one may now 
calculate the average 
total energy in each 
activated degree of 
freedom in tlie zone. 
Those energies, which 
are given in column 7 
of Table i (glasses) and 
in column 3 of Table 11 
(simple ionic molts), 
-show that the struc¬ 
tural stability in simple 
ionic liquids, while con¬ 
siderable, is much less 
than in liquid glasses. 

Finally, in Table 
III, analogous data 
taken, from ref. are 
presented for typical 
molecular and atomic 
fluids. The energy, E, 

* This calculation is naturally subject to the appnndmations iavolvod in 
eq. (8). 
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gives a measure of the “total energy needed to cause 8*txuctural break¬ 
down and readjustment ot various types ol bond in li<iui<ls. It is then 
parallel with the bond strengths in the liquid. 

Tadt.k ltr.—-'roTAr. Knurov i^br Drgkbb ov ]<1uusD0if in the Activatbd 
Staik of 'IVpical Molecular and Atomic Liquids. 


Uiiuid. 

Natuie ol Duiul. 

/i4(tal./ 
Avofladio 
Nunibei 
o( Unit 

PlOCOVtCS). 

/ 

iNeoictit 

Whole 

Nnnibei). 

ToUl linexiiy £ 
(Cal./Avogadto 
Number o( 
Activated lX>tfxee4 
ul Vieodom). 

Aifttm 

Vmi dor Waah 

5 A| 

4 

|00 

Methano 


740 

5 or C 

131 

nOcLuio . 


3,185 

5 

1,100 

CCI4 . 

• 

a,7ho 

7 

x,0t(> 

Mcrcuiy 

MotaUic 

5 di 

X or 3 

1,040 

Silver. 


4.870 

3 

4,400 

Load . 


a, j?o 

3 

3,B8o 

Sulphur dhuride 

I>i|jole.dlpolo and 

1,101) 

4 

840 

Aeotono 

v.iu iter Woahi 

i,8v» 

3 or G 

790 

Quinoliiw . 



0 or 10 

1,010 

Bctusyl tienxo.iU> 


7 , 5 iM) 

19 

q()0 

Stannic chtuilde 


X.475 

3 or* 

t,070 

Water. 

llytlrugen or 

4f530 

13 

940 

StUphufir add 

hydioxyl hoiid 

S» 04 O 

XJ 

X,X30 

X"Untyt alcohol 

and von dar Waahi 

9 , 5(10 

*5 

1,000 

DtonLd hydrate 


tS,770 

36 

*,070 



Jj,poo 

37 

930 

Acetic odd . 

j 

__ , ..1 

3,130 

5 

i 

X,I30 


Dtscusslon, 

The size oC tlio activated zone is measured by the number o£ degrees 
of freedom contained in it. In the case of many glasses, and of polar 
atul hydroxyl Imdcd lli],uid8» the zone size becomes considerable, and if 
one associates a volume of ^3 X lo-*® c.c. with each such degree of 
freedom, the zone volume per Avogodro number of zones ranges from 
iS c.c. (11^) to 066 c«c. for p-crestil, and is probably even greater for some 
of ilio glasses of Table 1 with very large values of 1 *2JT, The units com¬ 
prising the zmto, and which arc involved in the internal reorganisation 
or shear hi each zouci may be molecules, atoms, ions, or groups such as 
SLO/""' or —CHa—, according to tlic nature of the liquid. Ine idea of 
a definite segment of a long chain molecule as a paracipating unit re¬ 
mains, but the zone is likely to be composed of a number of small luter- 
lacing segments, rather than the single, somi-isolated, and very largo seg¬ 
ment of Eyriug. 

Fig* 3 compares the Arrhenius energies of activation now available 
Cor numerous rate processes. Tlie greatest range at present wpears in 
viscous flow (550 cal. (liquid Hg) <j&a <191,000 cal. (SiO| glass)). 
There is a scarcity of data for flow of organic polymer systems, where 
£i takes values from xo,ooo cal. for rubber to 26,000-41,000 cal. for 
pitches.* These ranges are frequently only limited by the experimental 
techniques available or by the paucity of data* It is chameteodstic of 

* Calculated from data oi Mack.'^^ 
y. Sve, Chm, Ind.t X939, 581 30f». 
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reaction, kinetics and of dilfiision in crystalline solwls that is not nonnally 
sensiiivc to temi)crafciire. On Iho other han<l, ])n>cc}ksos occurring in 
condensed phases and involving activated zone's of consiilerablc size 
frctjuently sJunv lluit /14 is sharply tloiicn<leuf on 1eiu|^»nituro (ref. 

2, and z this paper). Since AU* and /i\, llie heat and /Vrrhenius 
energy of activaiion i(*spectively, ate simply n'lalofl, ami since 

AH* A/V I jjAfVcir 

^rrhmiu:* Energy ofAcfiuaiton tn Mihaiortes 
pcf Avcg&dio Number of Unit Prucotses. 


S S 



Fxg. Comparison o£ energies o£ activation of typical rate procossoa. 


(where AHq* is the heat o£ activatiou at K.) such oUects arc logically 
to be ascribed to large changes in specific heat (ACp*) betwoon aonvated 
and normal states, which in tutu axe compatible wiw loosening or break¬ 
down of com|dex structures on activation* 

P: Fogassi and E. Warrick, /* Ptwsic. Ohm*, 1942,46* 630. 

C. NTpObai^dlwood, Kin*^ of Cnomical BMcHcms, O.U.P., 1933 ed. 

^ E« Moelwyn-Hu^^, Kinetics of JiMcfiats in Soltdion, 0 .tJ.P„ 1933* 

Of, Glassiono, Laidler and Eynng, Th$ory of jRate Pheossos, McGraw-Hill 
Sook Cio« XQ^x* 

iL k. Berrar, Diffusion in and through SoHds, C.U*P., X94X, 

E. M. BaxTor, Trans, JEaraday See., X939, 35, 644. 

^ R. F. Tncketti Ubid*. X0i2. aS* 

^Advancss in Soiincs!voi* f, 194^, p« sac, Inter .Science PuhUshem. 
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Summary. 

'fhc* ArrluMiiiis ot iustivaiion, /i\, for polymcriHcd ionic inellH 

may bo v(*ry lar^c and Ircciuciilly doiiciKls on tetnpcraturo. A relati«»n 
wa« found bdwtui - I^)ft and liJT which tlic CKpiation 

- U)|; I/O {• + A\/r). 

Over tile ranf;«‘ H*o ■ EJT < loo the relation i« virtually a linear one, 
but iho atraij?ht lino lian a diftcront slope and intercept from that for 
molecular and non-jH)lyiiicri8ed fluids. Ucasons baaed on the zone thof>ry 
arc j?ivcii Cor iho relative ]X)sitioii and sloiio of those lines. 

The linear lonn of llie — Ix)g tjq iW. EJT curve was derived, and 
similarly it was shimm that the zone tliefiry could ri^asonably cover tlie 
observed range ol values of ijo x io-*-* poises. 

In many flow systems it was ]K)8Hiblc to estimate the numlx*r ol (legroi*s 
of freedom involveil in each zone, and the total energy per activatod 
degree of freedom necessary for flow to occur, as well os llio zone \'olume. 
'Hits calculation was carrie.<l oul tyiucal glasses, liquid metals, simple 
ionic melts, a-polar and polar or Jiyilroxyl bonded fluids. 

The range of the Arrhenius energy of activation was compared for 
many kinds of rate processes. 
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In coxmcction with other work in pmgross, it was required to know 
the qumhydrone dectrode salt error in aqueous solutions of nitoic acid 
at 25^ C. Hovorka and IDeaiing ^ determlnod this salt error in aqueous 
Bcdtitions of various sulphates, chlorides, the corresponding free adds, 
and some ncm-electrolyta, by measuring the £,M4F. of cells of ihe type 

Pt, H, 1 added solute, quinhydrone (sat.) | Au. 

They showed that the salt error was propwtional to the concentration 
of added solute up to about x N., and that it was additive for mtetures 
of two solutes in some cases but not in others. 

It is clear that this cell cannot be used for solutions of nitrates, einoe, 
espeoialLy in acid solution, the nitrate ion is rapidly rediiced at the hT^ogen 
electrode, which becomes erratic and irreveraiDle. It is therefore surprMog 
that von Kiss and Urmanezy * claim to have deberminod the quinhydrone 

1 Hovorka and Dearing, y^^.C.S., 1935, 57^ ^140. 

» Von Kiss and Urmanezy, Z, physih. Chm., A, 1934, xdp, 3X, 
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electrode salt error in 0*5 and T'O n. solid khih of ^Mdahsium suid sodium 
nilttUes at 25® C. by mcasurmi:; the <d the cell*, 

An I O'OT K. £ 1 CJ, iiitnite, ([uinUytlrcnie | o*or n. lU'l, iiitiale | H*, J*t 
and 

An 1 o-oi N* IK'l. nitrate, quinhydnine (’nal.) | K('l (sat) | Iv(1 (sat.), 

(sat.) I Hft I Ilft-C'E M.). K('l (ssit) | KC'l (wit.) | o-oi n. 

IK'l, iidmte | ll», I*l, 

obtaiuin^^ A/iNaNO, - o*ooo()--o*oo.fi/f/, A/ikn^j, -0*0007 — 0*00366/, 
where A/i dcivitcs the salt error jn volts, and I the ionic strength of 
the solution. Tliey stale lliat the cells oquilibratod witiiln 20 rain., and 
then romainc<l consiant within 0*0001 v. lor 20 ndn., although they note 
deviations Irom the linear law lor A/t duo to the ** stdronden Wirkung ” 
of NOt', In order to confirm tliat roliablo results cannot bo obtained 
from tho hydrogen electrode iit nitrate-containing solutions, some pro- 
htoinary measureinonts were niaile in the author^s laboratory of the 
E.M.F. at 25" C. of tho cell 

Pi and Au I quinhyilrone (sat.), o*ox n, HCl, o*i n. KNO# 

1 0*01 N. HCl. o-j. N. KNOs I Pt. 

It was found, as expocted, that no constant E.M.F. was obtained at all, 
the value rising rapidly for several hours ; some of the solution removed 
from the hydrogen electrode compartment, upon addition of acidified 
potassium iodide and chloroiorm, coloured the latter violet, itidicaliiig 
reductioiL products. 

It is essential, in determining the quinh5rdrone electrode salt error, 
to compare this dectrode with another hydrugcn-ion reversible electrode 
having no salt error. Both tho hydro-quinh3^ono and the quino-quin- 
hydrone electrodes meet this recpiiromcnt,®* * and hence a direct dotor- 
nunation of tho salt error in nitric acid was made by measuring tho E.M.b\ 
of the cells 

(fl) Pt or Au I quinhydrone («>aL.), HNO# {c moL/l.) | IJNOa ( 0 » 
quinhydroiie (sat.), hydroquinone (sat.) | Pt or Au 

and 

(b) I»t or Au I qiiinhydnme (sat.), UNO, {c) | UNO, (c), 

quinliydrone (sal.), qiiinoiie (sal.), | Pt or Au. 

Since the pit of 0*00.5 n. 1101 wilh tuldod potussluin iiitmte up to 
1*0 H. is W(fil ^tluii the nuige i-H over which the glass cloctroiio is known 
to have no salt error,® Uie ot cells 

(c) Vi I ciutuhy<lrono (sat.), 2 n. i ICl I gloss I 0*005 wr. UCM, 

KRO, (<.), (luiiihydroiio (sat.) ( Pt 

was nusasurod in order to determine rajndly llic (minhydnmo <i1ectrode 
salt error in potassium nitrate solutions, and thence, Ohsuming the 
additivity of salt errors, obtain a confirmatory value for tlie nitric acid 
salt error. 


^ Bsipesrimental. 

Approximately 2 k. stock solutions were prepared bom BJD.H* 
Analax HNO, and HCl. and were diluted by volume os required. The 
HCl was standardised gravimetrically with Analar AgNO,, and the 
HNO, voliuxudrically a^nst the HQ acid via Na,CO,. KNO, and 
KCl (Analar) were dried in an electric oven at 130^ C. Quinhydnmo 

■ Biilmann and Lund, Am* Ckim*, ipai, 16, 327. 

«S. P. L. Sdrensen, Id. Sdienien and lisderAcdm-I^Log, ibid*, jqn, 16, 283. 
^Maclnneti and Belcher, J*A*0,S,, 53,33x5. 
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(Analar) was recrystalliacd from conduclivity water at 6o® C. and drie<l 
over ('aClfl. ft pnKliiced an E.M.F. of 0*6900*1 v, in the coll 

An I qninhydrono (sat.), o*i n* HCl | Us, Pt 

at C. as CiOiiijmriHl witli o*()()yo(> v, from Ilovorka and Dcaring's l)cst 
siMicimen,^ while tl«* uncryslaJlistMl niiderial f^vc a vahio o*ooo*|2 v. lower. 
ComuK'rcial pure liydnKpiinone was recr3rHteillifl<Ml four times Ironi con¬ 
ductivity water, and driisl over CaCl, in air; slight oxidation, to fqiecks 
of quinhy<lrone occurrcKl <luring drying, but this is obviously immaterial 
for present ])urpt)se8. Quinone was prepared by oxidising some of the 
original hydroquinono with CrOo in ice-cold glocittl acetic acitl according 
to the method oC C'raven and Duncan ; • the iiniduct was water-washed, 
dried in air, recrystnlliscd twice fronr purified petroleum oUier, b.p. 90®- 
100® C., and stored over paraifiu wax in vacuo, Oxygen-frco nitrogen 
and conductivity water (sp. ctmductivity about o*6 x 10-* mhos.), which 
was used for ma&ng all the solutions, were x)roparecl as described elsewhere. 
Cylinder hydrogen was passed over a 25 cm. palladium wire electrically 
heated to dull redness, to remove oxygen, and then Uirough a KOI I 
wash-Ix)ttle. 

Tlie i'yrcx glass cell (i^Mg. x) consisted of an inner and an outer electrode 
compartment with a ground glass cap as junctiou between them. Each 
compartment contained two thick (20 S.W.G.) 
wire electrodes, one platinum, the otlicr gold, 
which were welded to tliiii platinum wire sealed 
into the bottoms of mercury-hlled glass tubes held 
in the pierced rubber stoiipcrs clasing tJio tops of 
the compartments. The inner com]^rtmeut was 
also provided with a gas inlet tube and bubbler- 
tcap ^ outlet. The cell was cleaned in hot 
chromic-sulphuric add, rinsed with tap water, 
distilled water and conductivity water in turn, 
and dried in an electrlo oven before each measure¬ 
ment The electrodes were rimilnrly cleaned and 
rinsed, then finally rinsed witli appropriate cell 
solution. For the salt error measurements both 
oompartments and the bubbler-trap were filled 
with a given add solution, taking care to wot 
the ground cap surlaces with the latter before 
screfwing thorn hard together; a slight excess of quinhydrone was placed 
in each coznparbnent, the electrodes, etc., were assembled in position, the 
cdl was placed in the thermostat, and purified nitrogen, xn^evioudy petssed 
through a saturator filled with cell solutibn and immemed in the thermostat, 
was bubbled through slowly for hoar* Then the rubber stopper assembly 
was momentarily removed from the inner compartment, an excess of dthor 
quinone or hydroquinone was rapidly introduced, the stopper assembly re¬ 
placed, and nitrogen passed for a further i hour, whereupon the gas ouUot 
was dosed with a small rubber stopper and the nitrogen supply turned 
off. The nitrogen served the douWo purpose of stirring to acceleraio 
saturation with quinone or hydroquinone, and removing oxygen, which 
rapidly attacks both of these m solution.^ 

* CxBAen and Duncan, J,C,S„ 1925, X27, X439. 

T Stonehill, Trans, Faraday Sog,, 1938, 34, 533. 

* The quinhydrone electrode in rdido add has been found by the author to 
give fdrly steady potentUds over several hours. 'With the addition of either 

S uinone or hydr^ulnone, however, Ube deeixode potoitial dxilts appreciably. 
CL the case of added byd^^uinono this may obviously bo ascilbod to oxidation 
by HlTOs or dissolved oxygen if the latter were present. It seems to the author 
mat a sixnilax explanaticm may apply to the quinone (cf, Beilstohi's Handt/uch 
dor Org* Chem,, 1925, 7, 611, which reports the o ad d ata^ of quinone by nitric 
add and by air). It is appa^tLy not widdy kxiown that aqueous sdntions of 
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Foi the preliminary hy<lrogcn electrode measurements the coll was 
slightly modified. I'ho inner compartment electrodes wore hall-immersed 
1 cm, st[uaTes of platinum foil, thinly platinised from a solution o£ 
]>latinic chloride in pure TICJ; they wore freed irom chlorine by olctjiro- 
lysing dilulo llgSO, liotweon them in pairs, with Irctpienl revorwils ot 
current, were kept in distilled water when not in use, and w<irc rejected 
unless they sigreed in ^latrs within o-ooooi v. 'I'ho sjiiuo solution was 
placed in lK>th electrcHlc compartmcnls, except that excess (juinhydrone 
was added to the outer comimrtniont only. Nitrogen was rephiccd by puri- 
jfted hydrogen, passing constantly at one bubble per second. 

measurements wore made to within 0*0001 v. lor the salt error 
cells, and 0*00002 v. for the hydrogen clectrmlc cells, using a "rinsloy 
potentiometer and duplicate Weston cadnuum cells recently certiiiod 
by the N.P.L. The olworved E.M.b\ ol tlie nitric acid salt error colls, 
after an. initial period of 15-20 minutes for saturation o£ (juiiiono or hydro- 
quinone, increased (algebmically) steadily at the rate of al>out o'X-o*i| niv, 
per hour. 'J'liis is probably due to attack of the (hydrojquittono by nitric 
acid,* and was more pronounced the liighor tlio acid concentration. It 
was eliminated by oxtra{)olating the alm(»st linear plots of E.M.F. vs, 
time to zero time after addition of (hydro) quinonc. T3oth gold and 
platinum electrodes gave oHsontially the same extrapolated results, but 
the platinum electrodes iu the presence oi (hydrojquinone alter^ in 
potential more rapidly than the gold, in the more couceutrated solutions. 
With quinhydrone alone as saturating solute, as in the outer com])art- 
mont, both platinum and gold electrodes functioned equally well, wiUi 
110 significant drift. 

Gla.s3 dectrodo measurements were made to within o-oooi v. by moans 
of a Cambridge valve dectrometer. 'Ihe Haber bulb typo Corning 015 
glass dectrode contained a bright platinum wire dipping into 2 m. HCl 
saturated with juinhydrone. Three wide P3n:ex tubes, similar to the 
outer vessd of Fig. i, containing 0*005 n. HG saturated with quinhydrone 
and respectively zero, approx. 0*5 n., and n. concentrations of added 
KNO, or KG, were each provided with a bright platinum wire electrode 
and placed in the thermostat; after 20 minutes, tlio glass electrode, ])ro- 
viously rinsed with appropriate solution, was introduced into each tube 
in turn, and the r<^ after allowing 5-Z0 minutes lor fcomporaturo 

oquilibrution each time. I 3 ody capacity and stray ildd dfects were absent, 
and drift errors wort' negligible, ns slu)wn by tlio ro]iro<lucibiljly of 
diiJx^ucos irom one soiuliou to tlie next. 

'rUc kerosene-iiUod tliermosiat was electrically healed and conlndlotl 
l»y a inorcury-tohiono thormorogulator at 25 1:0*01“ the tomiwnituro 
being set by a N.P.L. cortiiieKl thermometer. 1 'he weighLs and volu¬ 
metric apparatus employed were calibrated, and weighings were nxlucod 
to vacuum. 

Results. 

Table X gives tho E.M.F.s of colls (a) and (6) for various HNOg con¬ 
centrations V, The European sign convention is used throughout this 

TABLE i.—-E.M.F. (m Volts) of Culls (a) and (6) wim Nitric Acid, 
c (mol./l.): 

1*036 0*7784 0*5x89 0*2077 0*1038 0*05197 0 

£JU[.F. of cell (a): 

0*0799 0*0809 0*0823 0*0843 0*0847 0*0850 (0*0852.) 

E.M.F. of (6) J 

—0*05x7 —0*0506 —0*0492 —0*0476 —0*0471 - 0*0469 (—0*0465^) 

quinonc arc fairly xoadily oaddisod in contact with air to a bxown-black aul)8taaco 
which may be easily obtained in quantity by attempting to reoysiallisc (luinono 
from water In contact with air. 
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paper, i,c, an E.M.F. is positive if ]v>sitive 016010:10117 lends to pass spon¬ 
taneously from right to left through the cell as written. 

I'Uose values f^ve essenlially linear plots of K.M.F. vs. c, and the method 
of least squares loads to tlic iollowiug ctiuaiions for those lines :— 

for cell (a) 0*085—0*00531 1 volt, 

lor cell (/;), Eh**N0* —o*o^()5o—0*00521 c voll. 

The ivvorago salt error in nitric acid is tlms AEhnOi —0*00521 c volt, 

'I'o coniirin tluit tlio method was reliable, similar nieasurenicnts wore 
made witli IICl. Those are given in Table 1J, and also lead to linear plots 

TABLK 11. IC.M.R (in Volts) ov(*hlls (a) and (//) wnu IIyorociiuiric Acii>, 

c (mol./I.) . . . i*o55 0'5275 0*1055 o 

of cell («r) . o*o8if) 0*0835 o*o8.4() (0*08533) 

E.M.F. of coll (6) . -0*0501 0*0483 —0*0408 {-0*04(153) 

of E.M.F. vs. c, the ccpiations to which are found by the method of least 
squares to be 

/7^nt;i 0*08533 —o*oo34h c volt, 

^ —0*0465,—0*00331 ^ volt. 

Tlius fur r ‘ o the E.M.h'.s are ])ractically the same as obtained from the 
nitric acid results, and further, tlw.‘ average salt error in hydrochloric acid 
is AITrtci —0*0034, ^ voH, ils compared with flovorka and l)earing*s 
value, —0*00361 f volt.* Since the present results with HCI wore not so 
reliable as tho.so with HNOs owing to the far more pronounced and rapid 
attack on quinhyclnme and more csiiocially quinouc to form chloro- 
hydrotjniuone (r/. Ilovorka and Dcaring, /oc. n/.), this i.s a satisfactory 
agreement. 

Cdla (c) with KNOg ccaiceutrations o, 0*4996 and x*ooo n. gave the 
E.M.F, difloroucos 

Eg.g — AV# -= 0*0019 V., AVft — -- o*oor8 v„ - A\.o 0*0038 v., 

indicating that KNOa produced a salt error pmportional to its normality, 
of average value - 0-0038 c. volt. A sirniw sorlee of cellH with KCl at 
conceutrations o, 0*5020 and 1*003 g^vc EM.F.s 0*0 C02, 0*0114 and 
0*0124 volt rosiKsctivoly, indicating a s^t error increasing linearly with 
concontratioi) according to the oquatioD A^Kii — —0*0022 c volt, identical 
with ilovorka and Petvriiig's value,^ and thus chocking the reliability of 
this use of the glass olcdrodo. Combining the above value for AExirOt 
with Hovorka and I>cariiig's values for Aisnci ^d AEcos a^iisaxnlng 
the additivity of Halt orrors, we have 

AEuwoa AEjrd -I- AEkno# - AEkoi 

- r (-0*00361 — 0-0038 H- o*oo22o) --0*0032 c volt, 

which agrees well witli previous value —0*00523 c volt. 

As a check on the additivity of salt errors, a cell of typo (a) with 
0*5 H. HQ plus 0*5 N. KNO« was measured. The £M.R was 0*08x7 v,, 
corresponding to a salt error of —0*00355 v., as compared with the value 
—0*5 (0*0036 -h 0*0038) ra —0*0037 V, calculatod on. the assumption of 
additivity. The agreement is satisfactory, in view of the prcsviously 
mention^ disadvantage associated with HCI. 

Assuming that the E,M.F.8 of cdls (a) and (6) at c » o are respectively 
0-08525 V. and —0-04650 V., and combining with the standard potential 
0*69938 V, of the quinhydronedectrode,! the values o*6i4i5V, and 0*74585 v. 
are obtainod for the standard potentials of the hydn>quinhydxone and 
quino-quinhydrone electrodes re^wctlvely, 

Sdueiner * found that for the cell 

Pt I quinhydrone (sat,), hydroquinone (sat.), 2 n, H1SO4 | Hi, Pt 
• Schreiner, Z, phyHh, Chmn., 1925, 117, 57. 
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at sJt® C., E — o*(>T4g6 v., dEjdT - —O'CXJoG^i f^iviiig at 25® C, 

7 ? sr- 0‘6 t30 V. Since there is no sail error, this is the standard potential 
of the liydm-ciuinhydrone elcn'lnxle. Similarly, lor the corresponding 
<luino-fpimhydronc cell, Schreiner found ihat E 0*77050 —0*000842 1 (v,) 
lot t 5 - 15" C, Assuming ihat the leinpi'vaiuie coeUiuwd vemains 
coiistani up to 25® ive obtain for this lenM^siaiiiro 07^105 v. as the 
standard |K>toii<iaI of the (junKwiuinhydrono cUrtrorlo. Using these 
temjioraturo coolliciouts and the staiulard imlcntials at i8*'C. obtaiiicnl 
by Biilinan and J^iiul and by Sorensen, Sdronsoii and fdnderstrhm-Iiang, 
eisr. 0*6170 v.“ and o*6roi v.* for the hyclro-tiiiinhydrono electrode and 
075(»2 V.* and 0*7548 v.^ tor the quiucMiuinhydrone electrode, the values 
obtained for 25^0. are o*()T 34 and 0*6140 v. (hydro-quiiihydrone) and 
0*7502 and 0*7^188 v. (quino-cjniuhydrnno). the hydro-quinhydrone 
clecbrode, these values are in fair agreement with the present result; 
the more serious discrepancy for the qmnoKpiinhyclrone electrode may be 
due to either an incorrect value of the tcTnpcraturo-coelJQciont or, more 
probably, uncertainty in the present value duo to intcraciiou of quinone 
and nitric acid, 

Sumtnary. 

By measurements of colls involving the hydro-quinhydrono 

ami cjuino-tiuinhyclrone electrodes, the salt error of the quinhydrono 
electrode at 25° C. in aiiueous ttNO^ solutions of concentration 
c . 0*05 — 1*0 N. has boon, determined; the salt error is proportional 
to the acid concentration, according to the oquatLon — 0*0052^ 0 

volt. Previous doterininationB of the salt error in HCl have been confirmed 
by this method. 

With the aid of the glass electrode, the c[umhydrone electrode salt 
error in aqueous KNOt solutions has been found to be given by AEkkOs = 
-*-*0*0038 c volt. l?rcviouB dotmuinatioiis of the salt error in potassium 
chlocide solutions have been confirmed by this metliod. 

The additivity of salt errors in mixed solutions of hydrochloric acid 
andjpotassium nitrate has been domonslrated. 

The standard jioteatials of the hydro-quinhydrone and <|uino-> 
quinhydrono electrodes at 25® C. have been determined as 0*6141 an<l 
0*7459 volt ref5)ectively. 

Tile autlior wislies to tluuik Iho ('heudeal Society ior a research grant. 
Principal II. Richardson for his valuable ludp in lucililating tliis work, 
and M. A. Berry, Esq., B.Sc., ior carrying out the preliminary hydrogen 
electrode measurements. 

Ths Chemistry JMparimeiU, 

The Technical College, 

Bradford, Yorks. 


THE THALLOUS-THALLIC REDOX POTENTIAL 
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Since the determination by Partington and StondrUl ^ of the thalloua-* 
thalHc redox potential in aqueous HtSO* (<?« 0*0125 — I’omol./l.) at 
25® C., the redox potential in aqueous HCIQ* (0*5 —1*2205 m) has 
xneasuted by Sherrill and Haas,* and in o*5-2*o m aqueous HNOg 
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\yy Noyes aiid Garner.® Sherrill and Haas, who also made some deter¬ 
minations ill TI*S04 which confirmed those of Partington and Stonehill, 
used the cell 

IH, 11* (r atm.) | UCK\ (fti) \ IICIO* (w), TICIO* TUCIO*)^ {^h) \ Pt, 

and, calculating the hydiogen elcctixxlo potcniial on the assumption ihat 
ya**ynoioi (y - activity coefficient for the m or niol./iooo g. H,0 
conccninitiim scale), cxjire.ssed their results lor the potcnlijil of ilic redox 
electrode at 25" (\ in ihe lomi 

§ In g . . . . (I) 

where 7 ?i® ■= 1*2466 + 0*00761 + 0*004821® . . {2) 

and J tlic molal ionic strength. £cjnation (2) hold goo<l 

approximately for I o**; ^ 1*4. Liquid junction potentials were 
either ignored or else evaluated by an a^iproximatc experimental metliod. 
Noyes and Gnnicr employed the coll 

Pt, H, (i atm.) IIICIO4 (mO | UNO, [in), TING, K). Tl(NOa)» (w,) | Pt; 

the hydrogen dectrodo potential was again calculated by assuming 
ya» = ynoio, and the liquid junction i>otcntial Ej, obtained by riie equation 

^ VuoiOt. 

which neglects any contribution duo to the thallium salts. The results 
could be exproHsed by the equation 

In . . . . (4) 

where was practically constant over the range vt -= 0-5 — 2*0, f *» 
1*00 — 2*17, wfth the value 1*2303 ± 0*0007 v. at 25® 0. and 1*193 dr 
0*001 v. at o® C. 

De Vault ^ has pointed out that the values o£ yeoioi to Pearce and 
Nelson ® used in both these investigations are in error; the use o£ re* 
calculated values alters the hydrogen electrode potent!^ and thus tho 
redox potentials by 0*5 — 1*8 mv. A further small correction (o*r-o*3 
mv.) to tho results ol Noyes and Gamer arises when tho liquid junction 
potentials are calculated with the newer ynmi values along with tiio more 
Si^ccurate ytofo, values of Hartmaim and Rosenfold ® instead oX those of 
Abel, Redlich, and von Longyel.* 

In view of the uncertainty in the results of these investigatious due to 
liquid junction potentials, which were somothnos oonsiderablo in mag- 
nitudo (a.g., 0*0147 v* ^ Noyes and Gamer's colls), and in order to 

investigate the i^sibility of extending the measurements to lower acid 
concentrationfi, new detextminations were made of tho redox potential in 
HQO4 and HNOt (x*o-o*i rnoh/l.) at 25® C. by a method which eliminates 
liquid junction pototials. The cells employ^ were 

(A) Pt I Tia04 (Ci), T](C104)» (ca), HOO* {c) \ HOO^ {c) | Pt, H, (t atm.) 
and 

(B) Pt ITINO, (<Jx), Tl(NOJ, (<?,). HNO, (c) | HNO» (c), quinhydrone (sat.) 

|Pfc. 

* Noyes and Gatnor, /-d.C.S., 1930, 58,12O8. 

* De Vault, ibid., 60, 25671 
®Poaroe and Nelson, ibid., j^s, 55,3075. 

® Hartmann and Roaenfeld, £* physih. Cham., E933, XiM* 377* 

* Abeb Redlich and von Lengyal, ibid., X92B, 133, 189. 
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A recent determination * enables alUnvancc to he macio for the salt error 
(jf llic qutnhydmne clectn)dc in IINOj. Tho procedure Uhwl previously ^ 
1o eliminate litpiid jmictum potentials wivs employed, as follows : through¬ 
out the mcasmeinents with a given acid, the nitio cjcx ■was kepi constant ; 
for each acid concoutrnlinii, a senes o( cells with gradually decrtnising 
tludliuin content was niofusnred, and the IC.M.h\s wru extra]>olHtcsl to 
zero tlmlliuin content, when tlw* liquid coidact ])oteutial vanislu^s. 

Experimental. 

Approximately 2 n. atiwk solutioiLs of Analar llNOa and HCIO4 were 
standardised volninctrically, using NaaCOa solution ami inctlxyl orange, 
against a solution o£ Analar ILCl which was Htamlardisod gravimctrically 
with Commercial TING# was recrystallisod six limes from con¬ 

ductivity water. Alnnit 07 g. mol. wu.s dissolved in 500 c.c. n. HNO3, 
and ozuuisod oxygen was bubbkHl tJirough it until about Ixalf was oxidisccl 
to thalUc salt. Thallous perchlorate was prepared by fuming some 
purified TJNOa twice ■with f>o % IICK)|, then recr3^talJising irom con¬ 
duct i-vity ■water. A suitable ([uantity was then ozonised in solution in n. 
1ICI04 until about lialf convertwl to tliallic salt. The two stock thallous- 
thallic-acid solutions thus obtained were analysed as follows: Thallous 
iou was estimated in an aliquot by titrating at 50-60^ C. with standard 
KBrOs (made by dissolving a ■weiglicd amount of Analar salt in a definite 
volume) and methyl orange inilicator, after adding some KCl and HiS04 
(method of Noyes, J^itzer and Dunn ■). Total T1 was dotcrmineil by first 
reducing thallic ion with SOg (xo min.), then boiling off excess (20 min.) 
and titrating with KBrOg. Since HNOg reacts with SO„ reduction of 
the nitrate solution was preceded by fuming with concentrated H«S04 to 
remove nitrate. Erec add was determined* by shaking a portion 3-^ 
min. with solid KQ and redistilled mercury to reduce thaUie ion to thallous, 
filtering, waslting the predpitate with water till acid free, and titrating 
filtrate plus washings with standard sodium carbonate. All coll solutions 
were m^c up by volume dilution from tlic stock add and thallium solu¬ 
tions, using conductivity water. 

The coll and auxiliary apparatus wore as described olsowhere.* The 
outer cell compartment ctmtainod the thallium solution and two bright 
wire electrodes, one platinum, the other gold. The inner comx)artmcnt 
(X)nlainc<l the pure acid solution ; for JICIO4 the hydrogen decirodoH, etc., 
were as previously <le,scrilK*<I; * for lINOj they were rophmod \jy a bright 
gold and a bright platiuuni wire, and exc(‘ss rocrystalUscd quiiihydrone * 
was added to the add; the gJis inlet tube was removocl and tlie bubbler 
outlet closed by a rubier hto|q>er. 

Colls were nioasurod at 25 -t 0*01" C. to o'l inv. for 12-36 Irr. TImto 
was no significant difiereuce in the ixitontinls obtained witit gold and 
with platinum for both the quinlxydroiie and tlu^ redox dactrodcs. Ilio 
£.M.E. reached oquilllarium generally within j-2 hr., remaining constant 
within O’l mv. for at least: 6 lir., although in the nitrate cdls tlioro was 
a subsequent steady rise of alwut o-i rav, ixsr hr., probably because of 
interaction of quix&ydnmc and nitric acid. Occasional duxdicato colls 
which were sot up agreed witlxin o*t mv. 

Results aud Discussion. 

The results lor perchloric and nitric adds arc given in Tables 1 and II 
respectively. B is the E.M.F. of the cell, corrected to i atm. wtial pressure 
of hydrogen, in the case of the hydrogen electrode cells, by subtracting 

•jp In where pjXt, the partiW pressure of hydrogen in atm., was 

* Stonehill, Trims. I^araday Soc„ • 

*Noyo8, ritser, and Dunn, 1935,57^ 1332. 
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TAIiT-*K I.— Rksults i*or 'I'n allium 1 »i:rciilorate 6 m Perchloric Acid. 
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TAHLK n.-I<liSlTLTH bOH TUALLIUM NlTRATb .8 IN NlTRIC AClD, 

(fa/fj I'liHO ; (Rr/aF) In (Ca/fJ o*ooi^ v.) 




ll* fw ) 

Ejt'M. 

yimoa* 

£b"(v*)* 




^l* 

IV,;, 

1 ■+• t*i| 75 V 3 

1*0 

0*02043 

0*002044 

0*0005116 

0*0002044 

o* 54 ‘'‘> 

0*5440 

o-S 45 ‘) 

0*5isK» 

0-5430 

0*7246 

1*2287 

0*0484 

i*i77t 

0-5 

0*0 J 021 
0 *iX >1022 
0*0002555 
0*0001022 

O"Sf >03 

o-aoso 

o- 5<>54 

0 - 553 * 

0-5055 

0*7x94 

1-^347 

0*0415 

1*2762 

0**2 

0*004086 

0*0008x74 

0*0002044 

0*0001634 

0*5892 

0*5898 

0*580* 

0*5880* 

0*5901 

0753** 

1 - 23 H 5 

0*0323 

1*2708 

o*x 

0*002043 

0*0004087 

0*0001022 

0*6043 

0*6044 

0*6037* 

0*6044 

0*7905 

1*2363 

0*0258 

1 

1*2621 

0*03 

0*001021 

0*0005107 

0*0001021 

0*00002554 

0*6X26 

0*6x26 

0*6x25 

o*6oR* 

0*6x24 

0*8277 

1*2282 

0*0202 j 

i 

1*2484 

0*02 

0 * 00 OXO 2 X 

0*00002554 

0*6172 

0*6x58* 

0*6172 

0*8730 

I* 2 XIi 

0*0140 i 

1*2231 

0*02 

0 * 000102 X 

0*00002554 

0*6203 
0*6x75* ’ 

0*6203 

0*9053 

1*1973 

0*0x04 

1*2077 




76 


TIIK THA.LLOUS-TIIALLrC REDOX POTENTiAI. 


<iblaiiiod by sublractiiig the vapour pressure ol aqueous ITCIO4, a» given 
by i’<‘aieo and Nelson,* Irom tlic baionieinc prossuTe. E' is Uie voltage 
<ib(ainctl by exirapolating at a given acid concentration to 7eri> thallium 
couient; ilie rcsulis tnarkcHl wiiii an asterisk, which wtn:e omitted in this 
extiafKiiation, are obviously poor, due either to tluillic s?ilt hydrolysis 
or t»> mdehiiitcuess associated with the iieccssfiriJy veiy low thallium 
ooiu cntnitions, 

\ssuming that /„^ /irc for either .icid {J activity coelticiont 
oorie'.ismdmg to the ( or niol./i» com cntiation sc«ile). we l«m‘ 


ior cell A, and 

K/ « fe'u* -H In ^ I' ^ ^ Oitxih - 0"<>y<)j8 H 0*0053 c 


( 5 ) 

( 6 ) 


for coll B; R,T and F Iiave iho usual signiticance, the hul)scripts i and 3 
indicate tiiallous ami thalhc 10ns rcsjxjctivoly, and are true 
standard redox potentials, and in equation (b) the last two terms are 
res|)cctivcly the quinhydrono oloctrodo standard jxilcuiial and salt 
error in nitric add.® We may thus derive the ctuantilies 

JJ/' sw E/f h ^ In ^/noto^ — In ii\® -(- In^ , (7) 

and 

Ef!' « £5' -1- In c/hso, — ^69938 — 0*0053 ^ 

= + ( 8 ) 


Valuea of cf for the two acids, required m order to evaluate i?", were 
obtained as follows; The donsity-per cent, composition data from Inter- 
natumal Crittcal Tables for aqueous HNOa and from Markliam tor 
oi^ueoas HCIO4 at 25® C- up to about c - 1 wore fitted respectively to the 
equations 

m/c 1*002938 + o*o2c)855 c + 0*001142 c® . • (9) 

and 

m/c 1-002938 b o*oj|48()oc- 1 0*001985 c* • , (10) 

from wliioh m could bo calculated ior a given c, and the corresponding 
valiK^ of Y road oil a largO'^icalo graph of y us. m, l^io valne of cf could 
tlioii be coloulntecl by tlio ocpiation 

of - wyf/tf.(11) 

where do -a 0-99707 is the density of water at 25^* C. Values of yuxoo 
for given m were obtained from Hartmann and Roscnfold.® Up to m e-. 0*5 
it was assumed * that yaoiOo ynoi* the latter being obtained irom Itobixuson 
and Hamed; above 0*5 m, lli>sonfeld*s values for yiujioo were used. 

Values of i&V'' 9*iid are ^ven in Tables I and 11; they arc the 
potentials of the redox electrodes reduced to equal couccmtratknis of 
thallous and thallic ionSi and thus correspond respectively to the fomal 
redox potentials Ex^ of Shonill and Haas and of Noyes and Gamer, 
except for the correetbn involved In using cf instead of tny ior the hydrogen 


J! 1033 / S7f 447 - 

Crit. TMes^ 192S, 58. 

“Markham, J»AxCS., 63, 87^. 

^ Robinson Homed, Chem. Rev., 1941,3B» 

^LandoU-Bdmstetn physih. Tab,, Erg, B, ill, 1036, 2x44. 
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ion activity; by ccjualioim {7), (8) and (ii) tliis coirociion is 

J?T* 

- III 0*07 inv., which, is of the order of tlio oxixjrimontal error 
and may IhuH he nofflecicd. 

In • Jho values of 74^" are ])lotte<l against tlio ionic stn*nglh 

f ^^^hoio 4* vjilucs ol 7 i|® (correcttnl for newer ynoioi \’S»lueH) for 

those cells c>f 

Shorrill ami Uaas ,iiaQt>>'^ 

With ilw‘ iiumnmin — 

juucliou i[X)- 

ieniials {i.e,, the • 

least thallium) and . 

ior those in wliiclx .. y ^ ^ - 

an a<ljustinent has ' 

btKjn attempted for tf 

llie Ii(|uul ]iiiicti<iii jW urLO-O* h _ _ 

potcniinls, arc also / r'lfvsij!--— 

pl«*11(^1; they fall ^ 

ahenit J mv. abov<» I 

the curve of j If '— + ♦ + + 

fAv. /, up to about [i * 

/ 1*05; similarly, fjj! 

the oorrccicsl /i® * 

values of Noyas Rtsufii of presettf Mtfior. 

ajid (^rnor when f.^o ^ " ^ ^hnid^dHas, 

plotted against / ^ 

(their values of 

wliich are in error) mo 0 '^ 0\6 0:6 /\0 /\^lofC /\4 

fall about 2 mv. 
l>el()vv the ciurvo of 

Ef' vs, T up to about / i‘o8; this may be cousidorod a fair agreement 
with the ]>rese]it resultSi in view of the liquid contact jiotential im-* 
certainties iu earlier investigationB. 

From o<iuations (7) and (8) it would appear that, since at low ionic 
RT f 

strength the term In^ is proportional to Vc, an extrapolation of 

agaitist Vc to zero c should give E\ tlio true standard redox potential. 
Such an extrapolation would also eliininato the uncertainty duo to the 
arhitraiy {issumption that/iat faxt at zero ionic strength /h+ fm 
► t. llowovur, it is clear that bdow about c « 0*2 there is a considcr- 
ahh* unccrUiinty in the values for both adds, due to thallic salt 
Uyclrolysis and the oxi)orimontal diOicultiea arising from the necesslly 
of IttHjping iliallium concentrations low lii order to mimmiso hydrolysis 
and liquid contocf: potentials. At lower ionic strengths the term 

^ lu y, wliich is negative, should decrease numerically as c dcQroases, 

and thus IS" should increase with fall in g, contrary to what is observed. 
This eectrapolatLon, then, is not possible. 

Another method of extrapolation is suggested by the following con- 
sideratiems. Values of ysoiot mxot up to m i have been fitted, 
with a maximum error of 0*2 % In y, to the Httckel type of equations »• 

log yaoioi « — o^i^Soc + log (i d- o*o36«i) . (rz) 

1 + 1*3^ Vtf 


correction 




£"»£ c (HNO, : 


TiJiC^ 




Rtsufii of presettf outfior. 

X m Shtffdi drtd HsJis. 

+ - H /ffiyts W Gorffer, 


I' 2 lotCh 4 


log Vairoi *« 


5065 Vg 


X + 


o*o8o2tf + bg (1 + 0*036#^) 


JiOckcl, i^hysik. 2’., 1025, adi 03. 
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If it IS assuincil lhal a siniilai typi' <>1 cqudtion may Iv applioci to single 
ion activity coeiricieiits, then lor TM and Tin4 present to an mlmitcsimal 
CKtoiit in tlClOi or HNOi oi eonccniraiion t m* liavo 

logyt . . (14) 

— logyj 5 <»h ,5 ^ I I 0-0 i(w//) , (15) 

1 H- J Vi 


where Ui and are constants and J has th<* value appjopiiate to Hie 
acid concerned, i,e, i\ji or i*.|75. Thus 


2 F 



o*02f)5tt log -* 
Yt 


I 1 - J Vt 


{iu - ih)c . 




and by c<(untions (7) and (iS), 


h'" 


I + A\/c 


/t'“ h (/L 


Ji,)c 


(*7) 


so that should give a linear plot against r, arul extrapolate at 6 - o 
to /t®. Values of (o*n<)H V^)/(i + A Vc) and ol E'" nro given in tJie last 
two columns ot 1'ables I and 11, and is plotted a^nst c lor both 
acids in h’lg, a. There ia a progreasive defection from the straight lino 
as c falls bc‘low alwut 0*3. If wo nsHurae that the points for tho two 
higher concentrations can bo roliod upon to fix the slrtiight lino, we obtain 
lor c =r 0 the values i»28i8 v. and Tij,® 1*2753 v., which are 

surprisingly close in view of the uncertainties involved, and suggest that 
tlio true ataiulard redox poieutiHl, Ji®, has the same value, about 1*280 v., 
in both perchloric and nitric adds. 

An attempt was made to treat the data lor sulphuric acid solutions * 
in the same way; the value 3*04 ) ro ® 0111. was used for the mean ionic 
diameter in order to fix the constant J of ccpiation (17), and it %vas 
assumed as a very crude approximation tliat sulphiinc acid could bo 
treated ns a binary clectndyle. The straight line lixod by the points 
lor the higlusst two concentrations U\uU at c o to tlio value Zf® i \\ 
whioli, all hough far loss roHnhle tluin the c<JtTe‘q)onrling values for iwchloric 
and nitric acids, is sigjdficAutly lower, probably bt»cjmse of a greatiT 
degree ol complov ion formation, Allowanc'o lor tho secondary disMsu 
ation ol sulphuric aoul by the melhod of Scateluird and KjistHn,*® using 
tlidr value of 1*5 for A, l<*Juls by n similar Inmtinent to almost the s^lme 
n'Hult. /f® f23(i v. 


Summary. 

Tho formal thallous-iliallic redox ivdeiitlal Ims bwn doLormiiu^d at 
23** C. in both }X)rchloric and nitric acids at concentrationH i*o-o*i niol./l. 
by methods which eliminate liquid junction poteutialH. "riwdlic siilt 
hydrolysis and tlic necessary usc^ of low thaiiiuni coiu^ontrations to 
minimiso liquid junction potentials render the incasurcinonlH iucrctuiingly 
unreliable as tho arid concentration foils below 0*2 m«l,/l. 'Eho results 
are in fair agreement with those of Sherrill and Hans for porcldoric acid 
and of Noyes and Gamer tor nitric acid, considering tlm uncertainties due 
to liquid junction potentials in those. Assuming the applicability of tho 
Htidml modifioation of the Dobye-Hdckol equation for single ion activity 
coeffideuts, it is estimated that the true staudard redox potoutJul has 
roughly tho eame value, 1*280 v.. In both perchloric and nitric odds, 

Scatohord and Kiisitdn, Chsm, Rev., 19^2, go, ixx. 
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but llic value is apparently considerably lower in sulphitnc acid, probably 
because of enhanc^ complex ion lormation. 

Tlu" autlior thanks the ("Jicniical Society for a resoaicli grant. Principal 
H. Ricliardbun for aid in |>rocnring apparaf us, and Mr. J. K. Bill for much 
oi Uio aiitlunetica] work. 
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BOND ENERGY, BOND DISTANCE, AND THE 
NATURE OF THE COVALENT LINKAGE. 

By a.. JilTRAWOY. 

Received January, £943. 

The available theoretical methods do not allow a quantitative treat¬ 
ment of the actual stales of mokxiulcs more complicate than hydrogen. 
They have licen, thcrclore, described ju terms of daasical structures which 
would allow the calculation at least ol the change in stability of the actual 
state, this change bemg assumed to be due to their interaction. 

For cerlam structures, e,g, those of aromatic anil conjugated systems, 
a bucGCHsCul matlieinatical treatment of these so-called resonance energies 
has been carTic<i out using certain assumptions and approximations, the 
value of which is imcorlabi, until the assumed qualitative structurcH on 
which it is liaaod are empirically conJQrmed. a treatment does not 

prove tlie structures, but can only show that the qualitative conclusions 
ivtrived at aro justified by tlie present theuTotical conceptions. 

Originally a workiiig hypotliesis, this idea has meantime been genend- 
Ised 1 and claimed to 1^ a lunclamental extension of the empirical stme- 
tural theories. 1'hi.s ihoory of resonance or resonance hybrids can be 
clcsmibcd a.H follows. TJic actual stmeturo oX chemical molecules is a 
hybrid (or iniormc<liatc state) between the possible idosdised * structures. 
Two dilUrront iyjx^s of ** resonance" are distinguished: (i) Resonance 
tnvolviiig one special linkage^ the contributing states being distixiguishccl 
l)y a dillorcnce in bond typo. Thus, one staio may be oX the covalent 
type, ihc olher of tlie Ionic type, e,g, Uio hydrogen molecule, hydrogen 
fluoride, or acetone may ho roproscutcKl by hybrids as indicated in I, 
Hand Ul. 

(I) H—U ll'll* 11 FH; (II) H—FfUF-; (III) Mc^C -O Mc.C— 0 -. 

(ii) Resonance involving an intorrolatcil change oX numerous linkages 
of a molecule, the so-called resonance of molecules among several bond 
st/mdu/res, e,g, the hmzmo molecule may represent a hybrid between the 
two possible Kekuld structores, and the three possiblo Howar structures. 

OX the numerous possible structures, that of greater stability should 
best represent the actual structure, but the less stable structures should 
contribute to a degree corresponding to their stability. If two or more 

* The structuies developed by the empirical atomic and electronic siniciutal 
iheories, e,g, the so-called Lowxs-LangmuSr stnxctnres, possess only a qualitativo 
sigoifloancc. Thoy do not purport to indicato that tho bond properties (s.g. 
bSxxd, energy) of a certain linkage arc quantitatively identical in all substances. 
The stmetnre used in tho descripnon of tosonance hybrids are, therofoxe# idealised 
fatmetnros. 

* Pauling, The Naiure of the Chemical Bond, New York, 1940, 
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btruciures ol aimiJar stability arc ]K)ssiblc, they would coutrilnito to u 
siiuilar degi'ce, but the cnerj^y would be l<»s.s by a certain anioimt called 
the rr^onaticr eneri'y ot tlic system, due lo the int<‘raction (n‘s<jnatic<M 
between tJie \tirious conlnbuthif^ slructnns, In fuldition, tli(‘ IkukI 
lon«tli ol a linkaf*e vviUiiii arliwl striaduie slioultl be i»l(‘rmediate 
iHdwmi that ol the eontnluiliju^ stniclures but, partly owinj* to Ihe 
stabiliHin|i» ollw'l ol tlu' resonance, sUouItl be nearer to the smaller ol Ihe 
possible ibstances. 

It IS not accwlcnlal tliat these l>\o tyjK^s ol resonance are niaiiilv 
connectwl with the two tyjics of sysleins, namely rovnienl Ixmds diJterent 
Irom tile ideal ionic <uul ideal covalent linkaj^e, and coiijuf»ated syuteius 
and related structures, which cannot be satjslactorily exiiroHsed by an 
ideal classical structure. They attempt to solve the emiiirical problems, 
which must iirocede any iK)8.siblc tpiantitativc* or semi-cpiantitative 
treatment, by ilcjscribing in tlie tonucr case the type of lorces resixmsible 
for the stability of covukmt linkages, in the latter case the actual cjuali- 
tative strucluro in teniis of idivil classical structures. 

I'hc hypothesis of the* existence of rc^Kumnee hybrids is not a necessary 
theoretical dovolopmoiil of w^ivo-mcclmuics. Jt is a .speculative extension 
of the interpretation of the nature of the covalent linkage or the covalent 
forces by (loitlcr an<l London,* the interchange of tlio two electrons in¬ 
volved in the linkage giving cause for the so-called exchange energy. LI 
is not by any lull quantitative treatment. It remains to bo seen 

whetluer it is su[)|x>rtod by facts. 

An attemi)t has boon made to derive ovidonco for tlie interprcftation 
of the strucluro of molecules as resonance hybrids involving an increased 
stabiUiy due to the resonance energy from the bond properties of the 
moleonles, especially the bofid mergies and bond distances. Undoubtedly, 
the bond energies should serve as a test for the existence of the 8o-call<^ 
resonance eno^, and the bond distances os a tost for the suggested 
contributing idealised resonance structures. The bearing of these pro- 
lieriies on die elucidation of tlie nature of the covalent linkages will now 
be discussed, 

1. Bond Energies. 

The bond energies iised arc those given by J^uling • (cf, Tablas I and 11 ). 
They arc oshuiiukI to be npi^roximatdy constant within dillorent molecniles 
if ino type of linkage is not clianged. In discussing the relationship 
betwoen Ixmd energitst of diliereni linlcages the |K)stulaio of ilut addiiiuUv 
of nomml covalent bonds ^ is sicceptcd. It is assumed that the arithmetir. 
moan of die two bond energy values i)(A A) and DflJ—U) is the energy 
of an ideal nonmil covalent bornl between tlm unlike atoms A and H, 
The observed tH)Ucl energies of the linkages iK^iween t^vo tuiiilut atoms 
A and B deviate considerab^ fnjm such hyixilhelical vniues, 

generally showing ait increase (l^ablo I). 

According to i^tillng* the olcmontB can be arranged in such order 
that this increase (A) of the observed bond energy as coznpar(*d wiiii ihi^ 
ideal hypothetical valae becomes greater the Itirthor away Uzo atoms 
A and B are in the scale* The sup^oslecl scale corresponds cpiolitatively 
to the property, which indicates the powtsr of an atom to attract electrons 
to itseli, and is, therefore, colled the electronegativity scale {cf. Table If). 

Tl^ is an empirical scale based on the observed values ol the bond 
energies of differ^t linkages and their deviations from the additivity 
post^te of covalent link^es and is chosen to give the best possible 
agreement with the obsenred values, liowever, it showa a simple 
qualitative relationship to the position of the elements in the periodic 

* Heitler and London* Z, JPhyHht TQ37* 44,455. 

* Loc, eit, ^ p, 33 I /, Am, them. See,, 193a, 54* 3370. 

* Lee. Git, \ p, 48. » Loe. cii. p, 38. 
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Ta- /I . 
Na—H . 
K--JI . 
C^ll . 
Si^lT . 
N-H . 

p-jr . 

As--11 . 
O—II . 
S—H . 

50— II . 
P—fl . 
n—II . 
Hr-ll . 

1 —n , 

51— C . 
N—0 , 
O—C . 
S—C . 
F—C . 

a—c . 

Hr— « 
I—0 . 

a—Si . 
S—Si , 
Si . 
a— Si . 
Br-Si • 
I--Si . 
Cl—(»o t 
P--K . 

a—K . 
a-p . 

T—P . 
Qr-AS • 
Br-Aa. 
I—Ah . 
P—0 ■ 
Cl—O • 

a-s . 

Bir—S » 

a—so. 
a—F . 
O-Br . 
Cl—I ■ 
Br—I • 


wit]li decreaMng atotnic number, e,g, from I to F. Only the relationship 
between ^ atoms oi dlfiferent groups and periods remains lass certain. 
FauHng has attributed to the dinerent elements certain quantitative 
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TAJUJi IJ 

U'l Tht nnv : lUecInmogativity.* 

M) j-4 2nd rou : Obsorvod Imud t^iirr/jy i>l A - A in Ivt’al./niol.® 

0*37 jrd i(»w . ()iu» bait f)l obM^rvod inlrnitomir fbsiaiKM* «)l A A iu 
Angslruin*® 

0'3« ijtb low (‘uvrUont nidius (Pauling -1 luggitih).^® 

0*37 5tU row * Poviilonl radius (Si bomakrr Stovtuisonj.i® 

0*0 bill row . I'utiou (iv!it,\l 1 aduis (Pauling).'* 

2'oH 7U1 row : Anion ctjsial radius (i\uiliug) 


u 

11 


N 

u 

b' 

j:*o 

2*0 

^•5 

S‘o 

3*5 

4*0 

27*2 

- * 

58*(> 

20*0 

34**> 

b3*3 

i'34 

o*So (t) 

'o-77 

0*7*1 

074 

0*72 


o*HH 

0*77 

070 

o*b<> 

0*04 

1*34 

0*82* 


0*74 

0*74 

0*72 

0*1)0 

0*20 

o*ij 

0*11 

O-OC) 

0*07 


- 

2*(K) 

i*7r 

1*40 

1-30 

Na 


Si 

1* 

S 

a 

0*0 


i-H 

2*1 

2*5 

3*0 

18*4 


4-2*5 

18*0 

<)3*« 

57*8 

1-54 


V17 

fio 

1*05 

O*<i0 



1*17 

x-xo 

1*04 

0*09 

1-54 


— 



0-26 

0-V5 


0*41 

0-34 

0*2<> 

— 


2*71 

2*12 

1*84 

i*Hi 

K 


Ge 

Aa 

So 

Br 

0*8 


1*8 

2-0 

2*4 

2*8 

12*6 


42*5 

13*1 

37*l> 

40*1 

1*96 


1-22 

1-22 

I*T() 

1*14 

— 


1*22 

1*21 

1*17 

1*14 

I'QO 


— 


— 

— 

r‘33 


0-53 

0*47 

0*42 

0*30 

■— 


2*72 

2-22 

l*0» 

1*95 

Rb 


Su 

Sb 

To 

I 

0*8 


r*7 

1*8 

2*1 

2*5 

- 



- 

- 

3l**i 



r*4o 

i*43 

1*38 

1-33 

- 


I-.HI 

1*41 

1*37 

1*33 

2*11 



- 

“ 

* 

1*48 


07? 

0*()2 

0*50 

0*50 

- 


2*04 

•5*45 

2*21 

2*l() 


values ot the oU^ctronogalivilios fDdde 11 ). Tlioso liavu been cbosuii to 
satisfy boHt a rolatlon^ip 1>otwocn ilui oUH^troiicgatlvity diEerouco <>£ the 
Htoms of a Uiikago and the miiiuro roots ot tibio onorgy incroaso 

expressed iu olectniu volts as comiKired witli the ideal covalent bond 
energy, «.5. should cMiual 0*208 VSi where A is the energy increase, 

expressed in K.cal,/mol.i and 0*208^^ represents the square root of A 
expr^sed in electron volts. An additive constant has boon so chosen as 
to give the first row elotnonts C to E the values 2*5-4 *0, Detailed dis¬ 
cussion ot this quantitative relationship can be omitted. There is, of 
course, no theoretical reason for the OTostence of such a quantitative re- 
latioivship beimea iXjr^X^ and VA, and such a ^Mnfikaivs relationship 
does not appear to be justified by the facts (cf, vsuiuos in Table I). 

There are numeorous exertions to the eadstenoe of such a simple q^i- 
toHv^ relationship between (A) and of the atoms of a linkage. 

* Suggested vslae: 0*85 A according to Bauer and Beach.** 
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(i) lu many caaes» e,g, Li—Na—K—As— H, Se—C—S, a 
clocreOvSc oE the bond enorpy as compared with that of the ideal covalent 
linkage is observed, (ii) Linkapfes containing a hydrogen atom do not 
generally obey the suggested relationship, frraspectivo of the electn)- 
negativity clilterenccs, the deviation (A) from the ideal covalent b<md 
energy decreases within the groups with increasing atomic number oi 
the sccojid clement, and within the periods witli decreasing atomic number, 
often assuming negative valuas ; in contnust 1r> l^uliug's rule the elootro- 
negativity dilferenec increases from C—H to Li—from Li—to K—H, 
from As—H to K-—-11, from P—H to Na—H, and from P—to As —li 
{(if. Table f 11). The values for Oc —H, Sb—H and Tc—li are not known. 



A 

-Va-.Vb 

u -n 

7-(> 


Ma- H 

8*f) 


K--11 

*- r3-5 


C—H 

h-3 

0-4 


2-1 


Go—H 

? 

0-3 


TABLE in. 



A 


N 11 

22*0 


P 11 

r-H 

0‘0 

Ab -n 

12*0 

o-x 

1 

1 

? 

0*3 

0 —II 

ill'O 

T*4 

S—H 

3-9 

o-.i 


A 


Sc-H 

- 7*5 

0*3 

Te—II 

? 

0‘0 

r—H 

02*0 

t*9 

a—11 

22- 1 : 

o-o 

Br—H 

ia'5 

0*7 

I—H 

1*0 

0*4 


but should bo of interest. Pauling's rule is passibly only valid Cor link¬ 
ages whicli contain at Icsust one atom of comparatively high electro¬ 
negativity. Two atoms with small oloctroncgativitics may behave 
anomalously owing to their strong resistance to l^ecoming nef^tivoly 
charged within the linkage. A knowledge of the bond energy of linkages 
including a carbon atom and one of lower electronegativity should bo of 
interest m this connection. 

Although a quontitativo analysis and theoretical treatment does not 
appear to be possible at present, those results allow the deduction that 
the bond oncr^ between unequal atoms is composed (i) of (covalent firas 
interpreted in the case o£ the hydrogen molecule as exchange energy 
and (ii) of ionic, s.e. Coulomb forces. The former should decrease with 
increasing olectronogativity diderencoi the latter increase. The frequently 
observed increased stability of a linkage with increasing electronegativity 
diiiercnce of its atoms may indicate that the increase due to the polar 
forces will be Idglicf than the decrease of the covalent excha^e energy. 
Actually, the ]X)siti<>n should be more complioatod. In addition to mo 
covalent and ionic forces, the bond energy should also consist of othm: forces, 
which in the cose of the If g molecule amount to not less than 15 % of the 
total bond energy (called ])y Pauling their dofornmtlon energy). An 
increase of the Ixmd energy duo to the inllueuco of the polar forces would 
easilv bo accompanied by a decrease duo to deformation (or storic) eifects, 
or the latter ([wssibly repulsive) oUects may stabilise the molecule in a 
state whore covalent or ionic forces contribute to a smaller extent. 

The ionic character of linkages between unlike atoms has been iutor- 
protod * by their existence as resonance hybrids between idectl covaUni ami 
ionic sfructures. The interaction between these structures should bo 
responsible for an increased energy, the so-called ionic resonance energy.* 
The observed energy D (A—B) of a bond between the unlike atoms A and 

* Loc. dU. \ p. 47. 

* l^uling ^ has already interpretod the small ionic lonns contributing to 
tho stability of a linkage botwoon like atoms, e.g. of the hydrogen moloculei by 
resonance involving small amounts of the extreme ionic structures such as Ai'A* 
and A**A‘*'. The rcsolianl small resonance energies are included in the energies 
of ideal covalent linlmges. 

^ Loc. cit. p. as. 
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B slioiild, thoroforo, bo always greater than (or equal to) Uie energy of the 
ideal etn'ulcni bond bidweeu thasc atoms, t.e. the ditferouce 

A, l>(i\ H) 

should iu*vor iKi n<»Rativo. 

This interpretation, though iinsu}>pori<Hl by an evwt luaiheinatiral 
tn'Jitmoiit, can be b^letl enipirically. 'I'lit* following hu*ls are, however, 
af Miriuiice with the alK>ve interinretation : 

(t) The IkwkI energy of hnkagoH befwf»cu unlike atoms is in many 
cases smaller tliau that expected ft>r an ideal covalent linkage (cj, alx>v(»). 

An. attcni]>t lias been made to overcome this dillicnlty by the ixilro- 
duction o£ an allcmativo hy^^otliesis, namely, the ocloplioii of the geometric 
rather than the arithnielic mean of tlie ideal covalent linkage, /.r. the 
energy of the ulcal covaltml linkage A - -B shonld e^nal v/y)(A— 

This, however, does nol aceomit for the observed ** anomalies " ; it only 
artificially tlecremies all ideal Ixind energies of covalent linkages to a <legree 
(lc|)eiidcui on the «lilfcrenco of the ideal covalent lK)ud energy values 
Z>(A—A) and 7)(B—B) of the ntonas A and B of a linkage. The nuxliliotl 
dovuitions of the obscrvcil energies A' are also given in Table 1. (i) It is 

true tliat the deviations (AO of the bond enorgioB of TA— 1\, Ma —U, K- II 
become |x>8itivo* but the increaso is iu)\v bigger for Na—Uiati f<»r K— 11 
witli the bigger olectronogativity dillcrence. JAirthonnorc, ilm observed 
increase of 4-7, 8*7, and 8*4 K.col./mol. is much less Hum would be expectixl 
for doctrone^tivity dilferences of I’l, 1*2, and 1*3 respectively. 'Ilms, 
all linkages witli the smaller electronegativity diffcrenco cc) and i-o already 
show an increaso of bond oner^ (AO varying between 24*0 and 38*0 
B:.oal./mol. and SiCl and GoCl with a difference of a *2 an increase of 36*2 
and 54‘5 K.cal./mol. (1). (ii) The values for Sc—H and C—S • remain 
native, (iii) P—H with an electronegativity diflcronce 0*0 now shows 
an increase by i8*8 K.cal./mol., which is also shown by H—Br and P— Br 
with an eleefeponegativity difference 07, other linkages with 07 such as 
C—Si, Si—S, Si—1 showing oven the much smaller values y^b, 8*8, and 
ix*Q K,cal./mol. 

(2) Bond energy deviations of linkages involving a If atom do ntil 

generally concur with fheir electronegativity dilferences {cf, above and 
Table III). AgJiin the uso of the giH)moiric mean does not overcome these 
" anomalios/' Oii Iho conlmry, atlditioual *momali(‘s would bo noted, 
since P *11 <>*o) lying between SI H 0*3) and 

S-Tl (AV -V3, o'4) would iwmH(ws a higher energy Inm'ose (i8-8 K.cal./ 
mol.) than the latter (8*0) and 6*3 K.ad./mob), end As- II (-V* Xn, 
0*1) would show llio higher energy incn^ise 77 K.cul./mol. Hum Sii- It 
{Xa Aw, 0*3) %vlth —•4*2 K.cal./moL 

(3) It may be arguwl that the observ<‘<l *' anomalies '* cannot deilniioly 
exclude the iuiorjyrotation of linkages as rosonauco hybrids Involving idcxil 
covalent and ideal ionic structures, since Hioy may ho due to the neglect 
of additional terms arising, for example, from the deformation of the 
electrons or nuclei. The ot^orved bond energies, certainly, are not evidence 
for the existence of such resonance hybrids and resonance energies. Little 
jUHtibUcatton exists for the introduction of a now fimdamental hypothesis, 
which is unsupported by evidence and requires a number of auxiliary 
hyrotheses, in order to account for the observed facts. Its Incompatibility 
ynxk the facts related to conjugated systems and light al)sorption of 
organic compounds is shown elsewhere.** 

• Pauling has riven to tho C—S linkage iho values + <S7(A), 0*51^ (0*208 VKy 
0*5 (Ai — Ab)i which axe due to an extor, and should bo replaced by — 0*7, 

0*0 respectivriy. 

• Loc. oft. \ p. 59, Table II—1. 

• Burawoy, Chm, Tnd., 1940, gp, 594* 855- 
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{^) Tho rtw>n«n(*e rncrjfy should reach its niaxiinuiu when ideal cti- 
valcnt and ionic slrurtnres (unitribule <HiiialIy. Havin^^ rearhcsl IhiK ^Kunl 
the ionic should become iiUTcnniiu^ly more stable than llu* coviilent ntnic- 
tnre, whertnis the actual resonance (‘nerj^y kIiouUI derreas<‘. TJie m»C(%sity 
to atiribuic' tile increased stability ol linka«<\s with their inereasiuR ]x>lar 
cliaract(‘r to dillemit cjuiseH, accordiuf^ to ■whether 50 % ionic character 
in rtsieUed or not, ]m‘st'ntH dilhculty. 

7 . Bon#} DivStanccs* 

'I'he distnissioii of iMmd distaucos will alsto Iks bnMsl on Uio ^wstuhitr 
of midttivUy, The atoms within an irleal ctA-aleul Iinkaf(e may poasc'ss 
constant atomic <u)valeiit radii, and tlxc lenjjfih of an ideal covalent jinkagi* 
may lie roprestmted as the snni ol the covalent radii of the atoms iiivolvwl* 

l^Jinliug and IhiffRinH have advanced a system of such covalent 
radii ('Fable II), wliich, excepting the first row elements other than caibcm. 
are in satisfacUiry ajorcoiuent with half the interatomic distances ot 
elementary inolecnlos or crystals* 

In contrast to the Iximl «*nerfties of linkaflcs between unlike atoms, 
whicJi deviate from those (»xi)(»cied for i<leal c#>valent lmkage4^, the ob¬ 
served distances of linkafjt's should, siccordinpf to l^nHng,'^ generally olxjy 
tho additivity rule cxpi'ctcd for idesd covalent linkages. Their ionic char¬ 
acter should be of no influence. Only in certain cases, e,g, Iho halidt*s 
invtdving atoms of the second and lowc^r rows of the periodic table and of 
boron, slumld tlie interatomic distances dilter Innn (hcsiig in fact smaller), 
those ox])cctc<l lor ideal covalent linkagt^s, and retiuire explanation (r/, 
Table IV), 

However, as already realistnl by Schomakor and Htovonson,” tho 
originally suggested atomic covalent radii of tho iirst row elements othor 
than C liavo to bo couHidcrably modified, l'*auliug lias attribiitwl to tho 
H atom a covalent radius of 0*3 a., on average value ol^tained from iho 
bond lexigths of a number of linkages involviitg the hydrogen atom. Tlie 
observed bond len^ of tl\o Ifa molecule, however, is 074 a. ; the cm** 
pirical covalent radius of the H atom to be adopted ia, therefore, 0*37 a. 
Similarly, tho covalent nulitis of the ¥ atom to bo adopted itt 072 a, us 
derived from tlio observed bond length of tho molecule a., and not 
tho lowor value o*6b a, origitudly suggested* It is not jutdinablo to adoivl 
the lower values mid to considor the obsorved higher interatomic dis¬ 
tances of tlie fj and molecules as anomalous. The original covalent 
values of N ourl (> liave also to bo modifioil in view of recent interatomic 
<listanco measurements oi XltO| and hydrazine. The more correct values 
of covalent radii as modified and esetondod for the alkali metals by 
Schomakor and Stevenson are also given in Table Jl. 

From these modificatlonH it rcwnlte that tho observed interatomic 
distanccH lor linkages between unlike atoms are generally shorter than 
those expected for ideal covalent linkages according to tho additivity 
rule. The additivity rule for tho actual bond distances was not based 
on ovidouoo, but tho covalent a-tomic radii of tho first row dements oiln^r 
than C were arbitrarily chosen to agree with the additivity rule. Table IV 
shows the observed interatomic distances tlio ideal intoratomic 
distances calculated with the old and new covalent radii nud 

#^4 + respocidvdy), and tho deviations (A and A' rotq>ectivoly). 
Ste^^Hon and Sohoxnaker have rightly suggested that both the observed 
increase of tho bond energies and the shoraning of tho intocatoxnic dis¬ 
tances as compared with the values expected for ideal covalent linkages 
have tho same cause. Consequently, tho electronegativity difference of 
the atoxns of a linkage, the ionic charaotec of the link^e, essentially 
also governs tho dxos-^ng of the observed interatomic diatances. 

Z. Xrist^f A, X 934 , 67, 205 ; fee. M S p. 164, 

^ Loe, cii. \ p. 232. /. Am, Chm, S<w„ 1941, 6b* 37. 
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Actually, these autliors iuh-ance the e<iuatinn \ ^ 

■where the constant p is assumed to he 0*09 and A\ mid 
are tlie ck'ctrouej;alivitieH ol the nloras ol the linkage. The values for 
the expression /?(A\ -A'l,) ralciilnit*cl with tlw' electroin^gativity values 
derive<l hy J’aiiliug Jroin the Iwnid energy deviations arcj also given in 
Table IV. 'Phis exprt'ssioii has no theoretical basis and the chosen 
constant o-oo is ein])irj(»dly lound to be the uuist siitisfactory in rolnlion 
to ail obstTvations. As iu the ease oi the Ixnid energies, then* is no 
quantitativo agreement lK*Lwoeu tlie dc'viation (A') and the elcsdro- 
nogJitivity ditlcrence ol the iinlaiges. In a few ciiscs no <leviatKm or oven 
a slightly positive one is observed. The dcvialions feir linkage's involving 
a H atom are generally much higher, those in volxHug a (' atom much Iowct, 
those involving a halogen atom in some casas higher, and in fithers much 
lower, tliau calculated with the cx])ressiou o*o<) (A’a—AT u). 

In addition, many qualitative exc('ptions will be noted. Thus, the 
observed deviations and the clectroiu*gativity diitcrcnces ol linkages 
involving a IL atom or halogen atom with atoms of the same group do not 
generally concur (for oxamplas, comjiare Table V). The ai^i'emeul 
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appears, liowevnr, to !>c fluiBcient to sliow tliat tha polar character of the 
linkages as charactoriHod by the olcctron<‘gativity dil/cronceH of tlu'ir 
atoms is at least one, possibly the most Unportant factor responsible for thoir 
shortening. Other factors already recognisod 111 the cose of the simple 
£1 moleouie {e,g, tlio doTormation of the imclcl and of tlio electrons, 
possibly rdated to the sizo and the tyiio of charge of tlto ntoiuH) may be 
rosponsiblo for the observed qnallianvo " exceptions ** and the unsatis¬ 
factory quantitativo agreement between bond energy increase, bond 
distance shortening and the electronegativity difforoncos of the atonw 
of a linkage. 

The ionic chaaraotor of the linkages responsible Cor the deviations of 
the bond energies has been interpreted^ as resonance between ideal 
oovalent and ideal ionic structures. The conclusion that this type of 
resonance is generally without eficct on the bond lengths has to bo modifLed 
in the light of the new atomic radii. Jonic-covalont resonance, if existing, 
is accompanied by a shortening of the ideal covalent bond lon^gths. 

Pauling has not diacussed the changes of the bond dlstancee to bo 
deduced from tlie existence of this type of resonance, fie has, however, 
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shown in ollior cases of resonance that the iuleialoniic disi.'uice ol a 
linkage nivoivinj^ resonance between Uvo sirurtures .should lie beiween 
Ihe distances ex]«H‘to(i lor these.* Mruelurcs, hut ncaicr to the les.sei one, 
^urtiy* owiiif* to the stabdisatioii due to re.sfimiuee. Iu<lml, in disoussiiif^ 
numerous other types oi rf*sonanoe, an <*in})ineal e<iuation 

H IV {IV , 

luis iKsen projK)bed, wJiere A’ is the* value oi the interatomic ilistance hir 
a N)«d ol inlonnediate type (actual ])ond), It' and It" those lor the con¬ 
tributing resonating strucinres, atid A” the amount of the structure cor- 
resjxmcling to Jt"^ 

In Table IV the boml distances for the ideal Ionic linkages based on 
■Uvti ionic ctyslal -nuhl (Table Cl) are given, tt will be luile^l ll\at the 
ideal ionic bond distances ore generally nnich longey, the observed iKmd 
distances shorter tlmn the ideal r^)valent bond distances. Two im|K)rtant 
conclusions * oincrge Inrni these facts : 

(i) bYom the observetl Ismd ilistnnces the Hnkagt*s between unlike 
atoms cannot be resonance hybrids involving ideal ionic juid ideal co¬ 
valent structures, both tyi)es jmsHcssiug longer distauc(»s. 

(ii) There is no ccmtiiiuous transition Ironi the ideal to the actual 
covalent linkage (with shorter <lislances) and finally to the ideal ionic 
linkage (with lon^r dibtuncos). This indicates that there is a principal 
difforcnct* Ixjtwecn the idetd ionic linkage* and llie cov?ilont linkage, which 
may possess a more or less polar character. 

The polar character of covalent linkages, which is mainly resixuisible 
for the snorteuing of the bond distances and the increase of Ivmd energies, 
cannot bo interpreted in terms of ideal ionic structures, by resonance 
involving such stmetufes and hypothetical resonance eiJtirgi<iH. Tt only 
indicates that in addition to covalent Awes (as, r.g,, in tlio H# molecule), 
forces of the same type au are responsible for an ideal ionic linkage, naznoly 
Coulomb forces (in cwldition to other ix)S8iblo forces), will contribute to 
the bond energy os well as jnilu(*nco the l>ond distance. 

Qualitatively, the dilforonce between these two intorpreiatious may 
bo thus doscrib^l: Kesonauce btdweon ideal ionic and covalent structures 
pre8ux^)s<*s that the elecirons respuisible for the actual covalent llnl^o 
will w)rate Indwcon thoAo I wo extreme states, tlicir relative fltditiouM 
lifeHnu's ** Innug eH.sontially det>cndent on thrir relative stability. The 
given inli*r|>n*taiiou asstiines tliat ihe avmige distribution of tlm d(*ctrf)nB 
will at no time afipretlably deviate fnm the actual oc]Uilfbritm) stati*. 
The fonuer Rupixwitlon also involvt*M the asHumptlon lliat supt*rixmitU>n 
of diiferout forces, ^umsibly exj^resswl l>y dillcrcuL Himetnres, is accom- 
imniod by an <*norgy gain, (lie resonancis energy; the latter that the 
superposition of diilereut forces may be iwUlitive. 1'hls luU*rpretaiion is 
cssentiaJly in agreement with the generally acocided ideas of chemistry 
before hyixzthosis of Tesouance and sinular spocuialicms inlluenced 
by the limitations of the ])roHcnt thooroiical motluxls wesre intro(luc(*d. 

The origixial conclusion tliat the ionic character of a linkage has no 
influeacc on the bond length was erroneous (cf, al>ovo). It noceasitated 
an oaplanation. of the deviations of the obscrvwl bond distances from those 
calcufepted with the original atomic radii in the case of linkages between 
halogen atoms and atoms of the second and lower rows of the periodic 
table such as Sn, Go, Sn, P, As, Sb, S, Se, Tc. Those linkages ^ve been 
interpreted by complicated hybrids of resonance staaebiros involving 
double bonds.‘» Thus, in the case of SnCl* structures with nogativoly 
charged Si ions such as Ot Si- C 1 +; a»Si— (■». C1+)*; Q Si— (‘- ; 

« Loc. cit. \ o. 171. Loc. dt K p. 34O. 

* AUowanco for apptedable voriatiotu of the ide^ ionic radii can bo mode 
without detihnent to theio conclusions. 
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Si— ( C'l*)4 should contribute. The hyl)rid lor Sih'4 should also con¬ 

tain stnic'iureh with ]«irtinl triple bond chanicter ot the silicou-lluonno 
linknfte and two |»osiiive charf^es on tin* ibioiine atom Kg Si'' - I*’*"*. 

Tile new atoinie radii mid the rocoptituin that the ionic charactet ol 
t)i(‘ Iwinds has lUi apiircranble elh'ct on their distsiuces reinoviNs llu' 
necessity lor tliesi* speenlatams, wliich introdure most Imfnobable strue*- 
turcs with (‘1 and I*' ions |M)sscssin)» one and even two positive' charai's 
atul Si ions with one, two, thm? and even tour nr«»ali\e rliarf»es. I’lieM* 
litUides do luit behave tlitlereiitly Iroiu the lialidc's ol the first row elements 
aud otlu^r linkaf^es. 

It IS tru<» dial the shortening ot the intemtomic distances ol thes<* 
lialidoH does not always concur with tlu'ir ek'ctronejintivity diilereiiccs 
(i;/. Table V), hut similar anomalies are also olTservcd lor the liyflrof^eu 
halides and other linkai'C's involving a FI atom, where eoinplioatcd unlikely 
.structures as shown above are nrit possible. 

Where^is the sUortiming ol the bond distances wifliiu Lliesi' lialides, 
tf.g. SuCl| an<! Sn!'^, has Ix'en attributed to rcsonauw' involving 50 % 
and more double Ixnid cdiarneter ol the liiikai^cs and their ionic diar- 
acter lias bis'u consitlen'd to be ol little or no iniiiortancc, the increase ol 
the bond energy has het'u attribntt*d to .50 «and 70 % ionic character ol 
the linkage,'’ the donlile iKuid charaeb'r being apjiaroutly without any 
influence on ilie bond em‘rgy. Tins is inconsistent aud unlikely. The 
shortetung of the lx>ud distances and the increase ol the bond energies 
are known to be relatixl phenomena and an*, obviously, clue mainly to I he 
same cau.se. 

I’auJing and Huggins liavo attributed to the Ixmiii atom a covalent 
radius 0-88 a., which was obtaiiusl by extratKilutioii irom those ol the 
other hrsl row atoms C', N, O, F. The observed distances of the li -F, 
B—F, B—t'l, B—JJr linkages within BMon, BFa, BCb, BBr^, thc' distancch 
calculated witli tlie original ideal atuiiiic nulii, and tiioir diflerouces are 
given in Table JV, Tlic shortening (A) of the C—H distance by o*oi) a. 
lias been attributed to the incomplctenOHs (sextott) of the B valency shell,'* 
the additional shortening of the boron-halogen linkages by 0’i3, o*o^, 
and 0*06 A. to resoiianco l>etwcon structure. BX«, tlie tliree structures 
A", 13 “ -Y** involving linkages with double bond clmntcter, and, fn order 

to overcome the unfavourable distribution of charge, the structures 
■ and X l\X XK 

The ix^vised atomic radii of the lirst row oloment.s also noccssitate tlic 
revision of tlie boron radius, l^uer and Beach suggest 0*85 a., the 
author pm^xises tlio still lower vuloo 0*82 a„ wliicii is in better ogrcenicut 
with an exlmiKflation fnim the otlier first row clcmontH and the olworved 
elementary interalomic distance oE B—Tlxo distances calculaUnl 
with the rovisc<l atomwj radii aud tiieir deviations (A') from the oliservcd 
distances arc alts> shown iii I'able IV. 

jft is uuuecessary tf; assume either the existence of rchomiace IxdwcH’U 
such unlikely structures, or the effect of the incomplete sholl of ilio H 
atom on the bond distanoes. In ugreomont with the almost idenUcul 
electxouogailvitics (i*o and 2*x respectively) of B and U, the shorUniing 
of the B linkages is similar to that o£ the corresponding fl linkages {cj. 
Table V). This not only excludes the suggested original <£Kplaiiaii<^us, 
since they are not applicable to the 11 linkages, but also strongly Bupxx)rls 

** Loc, cit. *, p. 228* hoc. cU. p. 230. /-or. cit. K p, 74. 

Loo. cit. \ p. £70; i-^vy and Brockway, J. Ath, Chmi* 6^041937, ^**>85. 

Loc. cit. p. 237. 

Am. Chim, Soc., 1941, 63,1394. 

Bonglas and IJensbetg, Phykh. Rev.^ 1940,57, 752. 

** For lltoratum, compare vqIb. t and xo; IienEborg, Mokculccr Spodra and 
Mokcuhr Skaciuro, X, Kow York, 1930. 

** For literature, compute rels. t and to ; Maxwell, /, Opikal Soc. Am., 
1940, 30, 375; Xdsier and Sutton, Trans. Faraday Soc., 37,4of>* 
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till' conrlusioii that llio ■|K>lar rlunacti'r (»l Uu‘ ro\aU'ni linkage's is lo a 
ckUmiI ros]M»nsibl(' li»r tlu*ir obsiTvt'cl sUorUMiiiij*. 


Summary, 

, 'riioiv Is ii pjincipal ilistiru (inn liclwct'ii (iu* nksil innir hiiKai^i* ami (he 
cinuleni linkaf^r uliich <ari (kis><*ss (n a laiyimi a |M»lai < harm let. 

All analysis nf the nbseived l)f)nfl (mu‘i;*us ami Iwiml <listiinn»s ol covalent 
linkaj^os indinatc^s (hat thoir stability will Iv clue lo (i) <h«' lundainental 
c<ivnk*nt iorcc's; (ii) ionic, i c. (‘oulonib forces ; (iii) other forces, c.". lho.s(» 
comicclfsl will) Hite deiornialioii of the rl(*ctrons and micloi, 

Tht' actual Htate ol Uiose linka{*t*-s cannot bo describetl in ternis ol 
idmi classical slructnrcH, ns rcsonanee hybrids bclwisni ideal covalent 
and ideal ionic linkages (slnictnres) or sirncturc^s involviiii^ doable bonds. 
Such an inlerjirctation of covalcnl linkage«, lading a working h3rpotbesia, 
whlcJii vwmld allow the extrapolation ol their bond properties Ironi those 
of idealised classical structures, is incousislent witli the obMsved bond 
energies and bond clistaiic<*s. 

College of Tvcknnlo^y, 
hlancht'ster i. 


REVIEWS OF BOOKS- 

Ikuodamin FximKlin*d Experiments. A m'w ecUtiou of h^ranklin’s 
Experiments and Observatioas on IUct'.tricity. ICditotl, with a Criti¬ 
cal and Historical IntrcHhndion, by L ISemard Cohen, (llurvuril 
University Ihrcas. Milford, Oxford University rrefw, 1 ^) 41 , I*p. 
.xxviii -1 Wee txl. not.) 

Theiu are few more intriguing (ignre.s in tlw* storj'- of eightwnlh-ccntury 
Hcienco than lliai of Hciijnnnn li'miiklin. Mot tliat Ids oharunler wok 
c^MiipIex ; on the winlmry, it is the combinaiion of simplicity and slu'ewil- 
nws, of intelkTtnal curiosity with downright hoiu»sty ami dcviLstating 
common scuhc, wluidi givisi to J'‘rankliii*s olianurler so much that is pro- 
loniidly iuteiesling. Amt ti> llw'se piTional <puilHi<*H, iulded /<*Hi is given 
by the almost romantic ddails ol the lifiMdory ol the jiriutcT's fq)|)ivnilcc 
wlio, in the fullness of time, lH*ca«ie Minister l4eui|>ot(jntiary to tlu* Court 
of hVonoe, and lal<T, Prwideut of the ICxecuiive ('ouncil of Winsylvania. 

Uls long Ufa (i70C)-i7*)o) almost eueimi|«isM<sl the (xmtury and wltnesscrl 
changes which, oven in our days oi clianging outhwk, may fairly l>o dtwxilH^d 
as unexamplocl in juaguitude, I'he ixililical world into which ho was bom 
was one in which tlie Dlviiio Right of Kings was a coimmmplace, oven 
Ihongb. it liad been Buccessfully chaLlengod in Hritain ; when lie died, the 
Industrial Revolution was well under way, and our modem ixilitical 
stmetuxes were talking shape. The sciontific world of 170G was still, 
despite the nineteen-yoar-old Principiat awimniing in the wliirlpool of the 
Cartesian vortices; in X790, the ixicchanical outlook of tho Newtonian 
philosophy was'firxnly established. And in tho liringing almt of these 
vast changes, Franklin with literal truth could have said, pars magna fui. 

His GontributioxiB to the advaxiooment of oloctrical science arc too well 
known to need recital; folly to apprcciato the ingonuity and simple 
directness of Franklin's attack, his experiments should bo read In tho 
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origiual accounts, aiovv liappily \ cry easy of accxsH in the admirable c<lilM>n 
under review, Wliat i8 nol ho well known Ls thuil. iollowini^ the revoK 
of llio Anioncjni colonics, Kranklin's fliHcovcrics were <lihi)nra;^od, luul, in 
]Kirticulai. il nas ar|;ntsl thai roinuliMl cikIh wm* better sniiiHi to lightning; 
couductoTH Ilian the ixiints JuKticaled by b'rauklin. “ Oeoi>»(» 111, on its 
IwiiiR ])roix)sc(l to substitute knobs jnstojw! of recnicslcd tJuii Sir 

John Priuf^lc (the IVc'sideni of thi^ Ituyal Scx'iety) would likewise iulvirato 
llieir introduction. I'he latter hinfisl iLuit tJie lawn ol nature were im- 
altcrable at rova! plcJisure; whereniHJU it wils intimalcil to him that a 
president ot Hie Royal Society iMileitainhif? such an opinion oui^hl to 
rcHi^n, mid lu'nsignotl iw'cordinj^ly ** (Penny Cyclopaedia^ art. Pringle, John). 

The editor of IhiH volume lias accompliHlied -not completed. Vn* it 
noted —il piece ol work which lias eanictl lor him the ^latcful thanks of all 
who are interestwl in the liwtory ol science; lie lias enlianwsl tlic value ol 
hiK flcholarly Klition by a nmniKrof hiirnduclory chapters andapjioudices 
dealing with h’mnkJin ami ScieuLe, Klectrlcity before h'ranklin (an admir¬ 
able survey), b'ranklin'.s Work in Electricity, tlio JCditions of bYanklin*8 
Book JUKI the T-xxitures and Discoveries ol Franklin's Collabomtor '• 
Klienczer Kinmursloy. 

Wo say “not completetl “.ad vises lly; lor the editor luis whetted f»ur 
a]>]X.dito, and wt* look to him lor a .s<'Cond volume which shall conlain an 
account of Franklin's other contributions to scienee, and yet mini her 
volume which shall rontain the autobiogniphy, and a scaled ion ol Franklin’s 
essays and of his ]K)litical and fiersoiud corres|K)ndence; the student of 
X^ikliu will then indeed be well <K[uipped. 

A. F. 

War Gases, Their Ideiitiflcatioii and Docontamination. Mokrts 
W. jAt'fms. Intorseicnco Publishers, Tnc,. Now Vork, l^i). 

i«o I- xiii, l^ricc l3. (A\’ailable through Imperial Book Co, Lhh, 
l^mdou.) 

Then* jire lew war luvzards where proper action on the slogan “ l^ 
proparetl “ is so eileciivo Jis with war gases. Insidious iK^ssibilities for 
the many can b<* cnornionsly re<luced by moasures taken by tho few, if 
oacii <lo(*H his sliare. The many are provicl<»d with gas masks atul have 
little to do save to ko(‘p them in good order, to wear them if necessary, 
and to follow simple directions ; tlic few rocpiire to have speciaiised know¬ 
ledge and this Imok is written for them. 

l)uring tho last war aliont 3000 oliomical Hul)8tanGos were invi*stigateil 
to determine their value as war gases, but ol those only 38 wore actually 
used in the ileld, and only 6 were of iinportaiicc. Almost all those used 
had for long been rocognisod as potentially toxic materialH. Because of 
the rigid requirements of a chemical wari^o agent, experts oonsidar it 
unlikely that a completely new material could be devclopod at short notice 
and at the same time be kept secret. 

The proportieB of the potential war gases ore well known and liave 
been dcsoribod in standard works, such as those of Prentiss and of Sortori, 
and further information is spread tlvroughout sdontiiic literature. The 
author has selected the cssontials from suoh sources and has incorporated 
the information publiidxed in this country by the Ministry of Home Purity 
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by Ihe Ministry of l*'ao<l» and in Atnmca 1 )\ tlio IJnito<I State's War 
nioiit and by tho Office of (‘ivilian l)oleus«*. 

The |»reUw'e Ktatos that liio book oan Ih‘ uscmI lor the tialniii'* of pjas 
idontiiioalion (diioom, as a inauuai (or chotnisi.s and dccon(ainniati(»n 
oliicers, and as a source oi iiilorinntion on the analytical clicnnstiy ol the 
war j»atte'a, ll ia prolKible, however, that tkiK IdeuidtcaUon 0(he«M*s and 
Dccontainination OUicern of the C'ivil Deleiuv will find the hook cnitside' 
their siHipe and that they will be servisl by the ollicial |ml»licalions 
si)c*c*.ially prciwrcsl for lluHr u«e ; hut cheinistH noncenuid with the K})ecific 
ideuti(ic.atiou ol f^ases not n'lidily rw'ogiijHed by Gas Identification Olficers, 
and that larger l)ody ol chemists who mi^Ut be callwl u|)on to deal witli 
ooiitaniinatwl inaierial.s, particularly i<K»d, Avill fuid just wliat tliey need, 
nus Ixiok oovora detection, samfilirift and ideutilication ol chemical waxfaro 
agents, and give's descriptions ot inciusun's which may be taken lor the 
docontamiiuituni of allcctoil areas and materials. 

'I'he volume is comi)act, concise and well arranged. No one can lore- 
cast «all the possibilitiw which iniRlit arise il aLrcralt and gas warfare 
art' associated : but any chemist who might l>e concerned prolossionally 
with such ]K)SsilnlitieH cannot alford to be without this book, although it 
is hopeil he will never need to use it. 

J. R. N. 



DISTRIBUTION EQUILIBRIA IN THE SYSTEM 
TIN-STANNOUS SULPHIDE. 

By J. H. Andbrson and M, J. Kidgk. 

Received Qtk Jamaty, i<)43. 

^Distribution ct)uilil)ria in byst<*mrt involving a fused metal and a molten 
metallic sulphide present a number of features of theoretical mterost. 
Equilibria between nicial atul matte are Irciiuently encountered in the 
processes of non-lerrous metallurgy, and the lactora that determine llie 
distribution of minor constituonts of such systems are directly relevant 
to the problem of recovering and extracting cerlaAn of the rarer elements 
as by-products of the treatment of base metal ores. 

Little quantitative work appears to have boon done on this topic. 
W. and I. Noddack made some observations relevant to the geochomwtey 
of Ke,‘ and more recently Noddack, Noddack and Bohiifftedtf ■ have 
determined distribution cociUclents of Mo, Ko and the platinum motalH 
between Fc and FcS. The qualitative correlation between the geo¬ 
chemical distribution of fcho elomcnts and their ** aiderophilo " or '* chalco- 
philo " tendonciefs lisul already boon pointed out byJMdschmidt.® From 
the nature of the phase ctiuilibria in the sja^tom all these studias 

are concerned with partition between tlio solid and the residual liquid 
phasos; this introducos a number of extra factors that complicate any 
theoretical discussion of the results. The luLiest investigation of dis¬ 
tribution equililiria in the liquid state is to be found in the work of Guertto 
and Meissner * on ternary systems of Cu, S, and a second motal (Tb, Sn, 
Sb and Bi). This was primarily directed, however, towards a study of 
the solid phases crystallising from tlio mcK:, and It affords little (luantl- 
tativc information as to the oompdsition of the co-existing liquid phases. 

The system Sn—SnS ^ is portlcul^y suited to the study of distrmution 
cquililiriu in a woll-dcdnod mctabmetal sulphido system with two liquid 
phases. Stannous sulphide is rclativ<dy fusible top. 870®), and two liquid 
phases ore present at iemporaiures above 858^ m mixtures containing 
between to % and qo % of SnS. This is convenient experimentally, 
since the system can be mvohtigaiod in scaled silica vosseis, whereas the 
sjrstomH Cu—C' ubS employed by Tammaan and Bohner * and by Gucrtler 
and Moissnear,* axvl h'o -FeS b «introduce a variety of dllBcultios owing 
to ilio higher tonqxuraiuroH reciuirod. The metals added as third component 
wore selected from among the heavy metals with a view to the variation 
of Buoli factors as valency, heat of formation of the sulphide, oto., that 
might have an iniluenco on the distribution equilibrium. Wo report 
here only the results obtained for the distribution oC Cu, Ag, and Pb, for 
whioh fairly complete data are available. 

Bsperimental. 

MatetlaU^A commercial refined tin of good quality, a88a3ring about 
99*85 % Sn, was used for the metalllo phase, and for tibid preparation of 
SnS. The added constituents were electrolytic Cu, pure assay Pb and 

^ W. and I. Noddack, Z» Chm., A, 1931, 154, 207. 

* W. and 1 . Noddack and whnstedt, Z. anorg, aUg, Chm., 1940, ^53. 

* Goldsdhmidt, Chm. 5 oc., X 937 « f> 55 » 

* Ouertler and Meissner, Ef#., igzxt x8,145. 

* Anderson and Kidgo, Trans* FaracUw See,, 1943, xgp, 98. 

* Tammann and Bonner, Z, anorg* ailg* Ckm,, 138 » 
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assay Af?. Stannous siilphidt* ^m»s nnulo by tlic direct ec)mbiuaLion of 
Sn with rcsHhfillcd Men'.k S, and sulphiilos ol tlie other metals were pro- 
pnred by a simdar pniccss. 

UlHdibiition Kxperlmentes. Xbout 3 uf. ol meiallie Sn and 5 a. of SnS 
were iaken iii each ex^K^rimeui, so ns to }\ivi' appn»xunat(‘ly ispuil volumes 
ol the Ivsii lupiicl pjiast»s, 'rhese. toj»(‘th< r with an appropriate weighed 
<|iiantityot tluMidded const jiiieiH, eithei in the loiin ol liivineial or iis 
sulphide, wer(‘ iiitrodiuasl into a siliia ti'sl tube, which was then eon- 
slriclisl, cvjictiated with a rotaiy oil pump, and sivnled otl at the con- 
striclioii* All experimeuls were eatrieil out at the one tenipemture, 
uio'^C., to which the fuiaace was held by luind roftnlalion. Calculation, 
of the theoretical ** distribution eoeliuiients (st'e below) shirws that the 
tMiuilibria arc unlikely to bo htronf»ly deiuMulent u^xm the temperatnro. 

In each expininieiit, two lulws were iilbnl with mixturoB oC api>rox- 
imatcly the same pfross cointuisition. In one tho addod constituent was 
originally prewnt as metal, and in the other it was atUled as sulphide. 
I'he eipiilihnntn -was thus a]-)])roacliC'd from each direction in every ex]>eri- 
inont. The two tiilx's were h(‘nted in the rocking funiaco * at i)to® lor 
8 hours and the furnace wsis then tilted to the upright iioailion.. After 
} hour, llie tubes were dnipixxl through the Ixittom of the funuuje into 
cold water. Rapid <iuoiiching (uisuod, resulting in very line grained 
ingots. This latter was desinible, not only in order to avoid any change 
in coni]K}sitiou and segregation of tho coiuponoiita during crystallisation, 
but also because in coarser specimens tho soltncss and Iriability of SnS, 
as coinixircxl with tho matrix of Sn, was found to load to preferential loss 
of SnS during sampling, ami therefore to anal3rlical errors. The sulphide 
pliaso appeaxod to wet tube and to form a thin skin around the ([uciichod 
ingot, 'ilus skin was first removed, and thc^n a ]X)li8hcd section was 
worked upon tlio ingot so that tho structure and separation of tlie two 
layers could 1)0 examined, From each layer, a 2 g. sample, free fnim 
prills, was taken for analysis. 

Tlio accurate determination ol Ag, 1 * 1 ) and Cu iu metallic Sii or SnS 
is somewhat troublesome. Tho method finally a<loi)t<id Wios considerably 
inodifteil fnim the Krciberg awsay method as given by Lunge-Iksrl,^ and 
in oullinc was as folhiws. Numerous blanks showed tliat it gave a 
quautitutive rmivery of 5 mg. of any of these tneials, preaeni citlier singly 
or togt‘llu*r, in a 2 g. sample of iiu. 

TIki wimple (2 g.) was diHHolv<Kl iu nilric-liydrochloric aci<l {30 ml. 
of mixture). T\w soluliou wsis diluted, neutralhuxl witlv aiiinionia, 
and treated with a concentrutod soluliou of 13 g. of tartaric acid. 
Addition ol umnioniu Hum dissolvecl up Ag<*l, nnd yielded a clear tUkaline 
solution from which (hiS, PbS anti AgyS were tpiautitalively preoipittited 
toy Kodiuin sulphitle; adiliLiou ol filter jKipi»r pulp at tfus stage was 
advantageous. ('o-prtTipilaUxl HuS was removed, and the precipitate 
washt'd clilorlde-freo, by dilute NiiaS solution. TIiq riU(*r was destroyed 
by digesliou with HiSO^ lINDg, t)n dilu^iou and atlditum of alcohol, 
yot if j>resont, was obtained as RbS()4. Rroni the solution (or filtrate 
from tho PbSC\) Ag was procipitated by moans of IK'l, and (*u was 
ultimately precipltatod ns CuONS. 

Results and Discussion. 

The results are colloctcd iu Tables I and II; tho brackets indiaito 
the pairs of tul^ heated aimultanoously, as dcscrlliod above. Tlie dis- 
tribution coe^idents Ci/Ckii> caJcukitocl from tho ratio of columns 1 and 2, 
show a certain amount of uusystcmaiic scattering, as is usuid in studios 
of this tyi|)o, and are tl«a*ofore not tabulated lor each experiment. The 
scattcaing is probably attributable chiefly to ini£)erfoct Hoparation of Uio 

» Chsmisch^achniacHs Unlsrswhvngsmethodrtt, tHi od., 11, 420. 
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two liquid phases, since the deviations are larger than could be accounted 
for by analytical errors, and are clearly not due to incomplete attainment 
ot e<iuilibrium. Macroscopic prills of the conjugate phase wore avoided 

by the sam])lmg imwedurc described. Tho 
tendency for omulsificaiion in s3rstems of 
this ty]>o is strong, however (of, rein. * and *), 
and any microscopic admixture of the two 
phases may well have escaped detection. 
The intcrtiicial tension between Sn and SnS 
appears to bo sensitive to tlic composition of 
the melt; in experiments ou the clistribu- 
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* In columns t and 2 flgurt*H in roman type 
refer to concontmtions wherein t^uilibrium is 
approached from metal, and lliose iu italics 
approadied from sulpliide. 

tion of Bi (not reported), the separation of tho phases was so inoompleto as 
to ren^ the results valudcss. The experimental data are best evaluated 
by plottit^ them ^ in Fig. x, whence die distribution coolScicnis may bo 
calculated from the 

slope of the smoothed I ^Cu 

curves. * 

We may reganl the 
distribution as deter* 
mined, in tho first 
place, by the chemical 
equilibrium in tho 
generalised reaction 

M+SnS^MS+Sn, (i) 

If Xm bo tho mole 
fractions of MS and M 
in the sfilphido phase 
and metallic phase re-, 
spectively, then accord¬ 
ing to the simple mass 
action law, 



in adal fihase 
Fig. I. 


:g>(j - ^m) 


. K 


(*) 


In dilute mixtures (i — jf,, r Jjfj, tending townrds unity), 

X,{Xm - A’ 
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anti the ot]Ui librium eoiistant f>r di.strihulion cocilicient can be tMjuatetl 
1 o the litnitiiig sloiv oi Ihe (not (luiln liiiotn*) plot of .Vh agsiinst A'm. lu 
sucli a a)mlcn 8 efl .sv>»toin, the simple mass aciion law is not likely to bo 
valid over any wide range of ecnnposilion, ami the Um'iiz iHpiilibmm 
law* is more slriclly appjieabh*. 'I'Jiis ran be sbnplilied to ilie form* 
IC /ve^, wlu*re K is ili<‘ simple muss ae.lion conslaiil. Ilt)wev<jr, 
as Kig, I shows, tlus diHlrilmlion curve li»r Bb and Ar are vi^ry 
ncJirly linear, so tliat the CfiollieicMit oc in llu^ above expression is small 
enough to neglect for these cwises. I*'or ('u, the (lislribution curve is not 
linear, and its fonn closely resembles tlie citrves found by Lorens and his 
cc)-workerB to describe tlie c(].uUibria in nietabfusiKl salt sysioms. The 
results do, in fact, accord very satisfiictorily with the modillcd Lorcaiz 
exixression JC' Ko -o* 05 iC, The constancy of the jmjduct {Table El, 
column 3) is admittedly not very sensitive to small changes in the co¬ 
efficient oc. Equilibrium constants derived Irom the limiting idope oE the 
curves of Fig. x, including tliat for ooi>por are given in Tabic III. 

Tlie results for Ag and Cu raise several iKsuc.s. In the first place, the 
displacement oqnatious— e.g. 

aAg + SnS Sn + Ag,S . . . (3) 


would require that the equilibrium constant in these 83rHtoms should be 

given by the expressions respectively, whereas for Ag it 

is found that [Ag]i,/[^ 3 m is a very g^d constant. The corresponding 
quotient for Cu is not its^ a constant, but varies systomaticaUy according 
to the Lorenxi law. In neither case are the expcriinontal data compatible 
•with equation (3). It follows that Cu and Ag must bo present in both 
phases not as Ag and Ag|S, Cn and CU|S res^idvoly, but in molecular 
units of similar oomplexi'ty. A numbeo: of possibilities present themselves 
in explanation of tms fact. 


(a) The two liquids are not pure Sn and pure SnS, but the conjugate 
liquids of composition Sn + 0*092 SnS, SiiS + 0*099 Sn. In the dilute 
syitoms studied, the added metal is xu)t in excess oC the amount that 
could 1)0 combined, as CugS and Ag*S, with the S present in the metallic 
phase; the sulphides might Ihen undergo a Hiniplo ;)ariitjon o(]ailibrium. 
However, Ih>Ui this and tlie convcirse hypotliesiH (tbuivt both arc dissolved 
as metal in tlie Hiil])hidc plia.so) ciin be oliminatocl, since tlie distribution 
of (^u And of Ag trend in n[)(K)‘ii(c dinKslions, Cu liaviiig a greater, and 
Ag a lesser airuiily for S than lias Sn. 

(/)) Copper could coucciviibly react with SuR to form CnS, although 
at the temperature ot the exfxirlmentH, and in a liquid contalntug an 
excess of motailic Sn, tliat is improbable. Moreover, such an hyjxithosia 
cannot bo extended to ox])lain the dabi (or Ag. 

iv) Copper and Ag may bo ^irosont in tlie sulphide phase ^ireilominantly 
in the form of comiiouncls (r.g. complex suloludes) containing one atom 
of Cu or Ag in tlie radiclo. This is a possibility tliat lias to l>o taken into 
account. In the solid state, liotli Cu^S and Ag«B are somimoiallic; mixed 
conductors at low temperatures, but ionic conductors in tlioir high tom- 
pexature modifioationB. In the fused state, according to Savolsburg,^^ 
pure CutS is again an electronic conductor. On addition of other meftalllo 
soliffildw, however—Na ,3 or FeS, but not NIS—electrolytic conducting 
propectiee are develops; the Cu is then combined ixi a complex anion, 
for which positive e^demce was obtained from, transport expiniaicnts. 
It may well be that, in dilute solution in SnS, the CU|S is converted largely 
or quantitatlvfdy to such complex sulphides. Whether such an expls^ 


* Lorens and otheis, Zu morg^ aUg» Chm,, X9S4, 138, 285 ; X923, 149, 239 i 
u SavdsbMg, Z. matnek0mt0, Z940. 46, 379. 
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tion iH equally valid lor AgjS can only l)o conjectured. The converse 
process—association in llus metal phase—is an alternative XH>s8ibility, 
since hot}) Cu and Ag form intcrmctallic compounda with Sii. Tlio por- 
sislonco of intonnotalJic compotmcls in the melt is a matlor open to dis- 
cubsion. However, il we regard the liquid as a ilisordenKl latlico stnurture, 
it seems prolxible tlxat tliere will bo some HhortHlislancc order f>crsiHiing 
over a wide range oi iomjierature. At the concentrations fouml in onr 
oxjKaanicnts this cf)uld not, howx'ver, corrcs}H)nd to any compound richer 
in Ag or Cu than the i: i compound, anrl iiitonnotallic compound forma¬ 
tion is unlikely to bo a disturbing lactor. 

{d) As stated above, the distribution is set up between liquids of tho 
composition Sn + SnS and SnS + o'oyy Sn rosi)octively. It is on 
interesting question whetlicr these licpiids axe more closely rclatc<l to tho 
pyroBols, formed by dispersion of metals in ionic molts, or whether they 
are the liquid analogues of the non-stoichiometric crystalline pliases &o 
characteristic of tlio sulphides of tho heavy metals, in which the valency 
forces arc homopolor or somimctallic in character. There woukl then 
bo no rigidly fixed ratio between atoms and valency electrons, and atom- 
for-atom rcploccniont of Sn by a univalent metal (Agor Cu) would bo quite 
possible. It may be tluit tho distinction between the last two hypotlieses 
18 somewhat arbitrary, tiuning upon how far a complex ion in the melt 
is a persistent entity, and how far complex formation is trauhiettt, with 
a purely statistical existence. 

In the light of the foregoing discu.s.si()n it is of interest to see how far 
the disiriburion equilibria are fixed by tho thermochemistry of the dis¬ 
placement reaction (i). Tamniann and Bolmer,* from observntions on 
the effect of adding Mu or A 1 to the system Cu —Kc—CUiS—FeS, concluded 
that all metals, tbe sulphides of wMcii liad a larger exothermic heat of 
formation than FoS, would be concentrated in the sulphide phase. This 
is ossontially only an application of the ISorthdot-Thonison i^ndple, and 
in view of tho factors already discussed it is not surprising to find t^t it 
is not always oven qualitatively correct. 

Thermochcunical data for heavy metal Bulphidos ore scanty, asad 
latent heats of fusion are lacking. The heats of formation of PbS and 
Cu^S are known with suffidenb accuracy; for Ag|S, the value determined 
dectxnmetrically by Kapuntuisky and Makol^ is probably more 
reliable than that dtod by Bichowski and Rossini.^* For SnS, however, 
there is wide discrepancy between publidied values, JeUinek and 
Zakowsky,** from meoHurements of the reduction otiuilibrium of SnS 
with hydrogen found All ^ 227 x.cal,. whereas Kapiurlinsky and 

Makolkiii*^ obtained AH***®-^ — iB’2 K.cal. The latter is probably 
tho more triurtworthy figure, but tlio uncertainty is suflGicionb to reverse 
tho qualitative interpretation of our results tor the distributioii of Cu and 
In the absence of other nccossaiy data, the heat of reaction for equa^ 
tiou (x) at the temporaturo of reaction (1x83** K.) cannot bo found; as 
specific heats and latent heats in systems of tiiis ty[>a are likely to canod 
out between reactants and resultants, it is tiot lilsidy to differ, in sign at 
least, from tl)at calculatod using the values for AJS^* Britzko and 
Kapustinaky have, however, detonninod from reduction equilibria the 
free energy change for tho reaction dVf + S| 2MS for a number ‘of 
metals, and their values for AA^^ are included in Table III. 

Though still referring to a temperature bdow that of our experiments, 
we may use the free energy data to calculate an approxunate equilibrium 
constant for the (Iiq>lacement reaction (x). For Fb, this leads to an 
ideal'' value XtfXm of about 2, whereas the Pb is actually oonceutrated 

Kapustinsky and MakoUtin, Acta PhysicocMm,, X939, 10,245. 

0/ Chemioai Sabctancestt Chemical Catalogs Co., 

^ Jcllinek oxtd Zcucowsky, Z, anerg, aUg. Cham., 1923, 142, z, 
i^BtiUko and Kapustinaky, Z. aaorg. chm,, X933, 213, yx. 
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Hlifililly in ilic moiallic pha.s<*. If the tliortnoclicinic<i] data lor SnS are 
Imv (twH*, alM>vc), Ihe discrepancy is merely traiihlerred ironi th<* IM) to the 
(-U: one or tdJier o£ tht'so nietnls must bo dislrihuiwl rmilniry to the 
(reo euerny clun^o in the displncotm^ni rciictioii. Mnrotjver, inspcHrtion 
<>i (.Soidscliiiiidt's eiassifjcatioii ol (lie metals ac'^'ording to their dihlnbuiicin 
lK‘tw<,*cn h'i' and hVS sIvowh that similar discrepancitni exist in sevtjral iu- 
BtauceH in that system also. It appears to ns that this ohsi^rvatiun is to 
be closely Unkt^l np with tlio pniblein ot 1h<‘ constitution ol the Cuswl 
aulplxides, 

TAbLK HI 


Compoaud. 


SnS . 
E»bS . 
Ca^S 

AgjiS. 


CnICm 

-Va/A'molh. 

(tcaL). 




IB-Z 

t6«8 

0*70 

0*00 

22M 

i7‘6 



iH‘5 

23-1 

___ 

0-32 

7*5 

15*0 


Odculatioiis o£ the ideal distribution cooflioieiit for Ag oiul ('« have 
no great sigtiificauco in view of the facts discussed in an curlier section. 
It may ba noted, however, that for Ag, at least, the partition is more 
uniform than. wouUl be auticipatocl from the diiloronce in free energies 
of SnS and AgaS. Whether this is an additional indicatioii of some 
association iu the sulphide phase is uncertain. It may bo recalled, how*> 
over, that Junder iound Au to be distributed for more uniformly boLween 
Fe or and fused silicates than would bo cnqpcctc-d from thormodynamic 
calculations, pointing to a true atomic solution hi tlie noii-*mctallic liquid 
phase, in addition to the chemical equilibrium. 


Summary. 

Tho distribution of Cu, Ag and Pb, present in low total concentration, 
between the two liquid phm^ iu tlio syntem Sn—SnS lias been studied 
at 910®. Iwood ifl slightly, and Ag strongly concenlmted in Iho nicfcallic 
pluiso, wliilc Cu is oonconiratod iiroferMituilly in the sulpliido phase. The 
<Urection and tnaguitude of the distrilmtion cociheiont in such Kystoms is 
not delormiiiod solely by the thcnnochomistry ot tho dlsplaceinont 
reaction 

M I SuSc^MS-1 Sn. 

Tho results an* discussod with refereiiai to tlio cionsUtutiou of niotidlic 
Bulphidos in the fused state. 

Jamler, X, avarij. C/kw,, 1025 , I43i 377- 


THE SYSTEM TIN-STANNOUS SULPHIDE. 

Bv J. S, Andkkson and M. J. ItiiiGii, 

Receivid 6 th January, 1943. 

The setni-metallic nature of the metallic chalcogenides is shown not 
only by the optical and dectrical Dropertiefl of the crystalline solids, but 
also by the consldemble dogreo of miscibility with metals in the fused 
state. The xnetallic character clindnishos in the series t(dliirides > selen- 
ide8> stdpMdes, and whilst the miscibility of the heavy metals with 
their fused sulphides is, in a nusibor of cases, complete (s.g., Fo—FeS,^ 

^ Loebe and Becker, Z, emorg. aUg, ChathU, lexa, 77,301. 
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Co—Hi—etc.), it can be iiitorrccl Irom the abnormal inflexion 
displayed by the liquidus curve Hint the melt deviates widely in prcjjwrties, 
in every inslumx;, Iroin an ideal liquid mixture. Fn some .syKtems 
(Cu—CujS/ Sb—Sbflt?s,® etc.) the iomiation of two liquid phasos hsis been 
observed. 

In examining: the published data conoenring .systenia suitable lor the 
study ol distribution e^jiulibria,* we oliservtKl tllat tlio almnrniuUty in 
the phase diagram ol tiie system Sn-SuS • is so pronounced as to 
indicate that there mu.st bo a wide range oC iminiscibdity. This [xissi- 
bility Hooms to have lieou considered, and explicitly jejected, by Biliz 
and Mecklenburg altliongU the almost Imrizontal portion of their fusion 
curve points strongly in this direction, h'urther, having rc‘ganl to llie 
wide interval betwessn the lioiliiig points of metallic tin (2300®) and of 
stannous bul])hidc (1240®), the course ol tlujir boiling point curve is com- 
XKitihle only with the evaporation of stannous sulphide from a phase of 
constant comixxsitjon—^thc .suljfliidc phase of a conjugate pair of IhpiicLs. 

This conclusion was at ouco conlinntsl by an experiment of the typo 
described below. The flat portion ol Biltz and Mecklciilmrg’s melting 
point curve marks the range of composition over which two liquid pliasos, 
approximating in nature to metallic Su and SuS res|)cctivcly, coexist in 
the molt. We have accordingly invastigatod the compobition of tlie 
conjugate liquid phases at a number of temperatures between tlic melting 
point and 1200®. The main features of Biltz and Mccklonbtug's phase 
diagram are consistent witli all our observatioas, and we have not, tliore- 
fore, re-examined the solid-liquul cciuilibriuni as a wliolo. Wo have, 
however, made some observations relevant to iho tin-rich corucT of the 
diagram, which presents some features coiuiuon to systems <»f thh tyi)0. 

Experimental. 

The tin used in this work was a high grade comnicrcial refined tin, 
assa3dng bettor than 99*85 % Sn. Stannous sulphide was prepared 
£rom the same sample by direct combination with redistilled Merck sulphur. 
Tin, with about twice the requisite quantity of S, was placed in a long 
Pyrex test tube. The S was heated to Injilhig, wheroupou the temper¬ 
ature of the Sn was raised until vigorous combinatiou took place with the 
refluxing S. Tlie S vapour protected the SnS from ingross of air, while 
the coiHlonsation of S on the .surface of the SuS preventikl oxidation from 
occurring when the tube was cooled after completion of the reaotJon. 
The highly crystalline pnnluct was crushed to pass a 200-mehh sieve j 
it approximated closely to the composition SnS, but contained a slight 
excess of S. 

(A) The Coxijugftte Liquid System. 

5 g« of metallic Sn and 5 g. of SnS were introduced into a silica tu]>e, 
which was then constriofced, evacuated with a Hyvuc pump, and sealed 
of[ at f±io constriction. The scaled tubes so filled were heated in an 
electric furnace arranged so that it could be rocked about a pivot, after 
the manner adopted by Lorenz in his studies of fused salt syste^,® Koch 
tube was ^tati^ for three hours at the selected temperature. The fur¬ 
nace was tilted into an upright position, and the contents of the tube were 

• Friedrich, Metallurgies 1908, 5, 312. 

• Atoa, Z. auorg, aUg, Chemie, 1905, 47, 387. 

* Heyn and Bauer, Metallurgies 1906, 3, 76. 

® Chretien and Ouinchant, Z. anorg, aSg, Chemie, 1912, 78, 345. 

* Anderson and lUdgo, Trans, Faraday Soc,, 1943, 359, 93. 

^ Polobon, Compt, rend,, 190G, 14^, 1147, 

® Blitz and Mecklenburg, Z. anorg, aUg, Chemie, 1909, d4, 226. 

® Lorenz, Fraenkel and^borsiein, ihvd,, 1923, 131, 347. 
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allowed to settle for at least an hour, at tlio same temperature. I'ho tube 
■was tlien dropptnl throuj(h the bottom of the lumaa^ into cold water, and 
(jueiu-hod pniclically iustantaucously. 

The result liij^ iiij^ot was niadt* up, iii t^very casts of tw) layers, clearly 
indiOHitiuf) the e\ist«*nee of two hi|ind pluist's at the iiumieui of (pienching 
* a lower tin rich phase, and an up]M'r, sp^Tilieally lighter sulphule pliase. 
In a |Hdihhe<l scHitum, under moderate niiupdfieatinu, it could Iw seen 
lluit the metallic* layer couliuued needle liKt» crystals of SuS, Hence 
tlio iiietallin licpiid of tlie melt ('.ontaius iliasidvod SnH, which is thrown 
out of solution on solidiliration. Micro;?niphic esaiuination of the sulphide 
phase similarly showed it to consist of soft, cryslaHine SiiS in a matrix 
of metallic Sii. The sepunition ot the two pliast^s \ms not perfeef, even 
alter settling for an Ivour ; then*- is a distinct tendency for emulsilicatiou 
at the interface, and the density clilference is probably not high enough 
to bring alK)ut a rapid seiiaration. Hy sectioning and polishing each ingot 
it was possible to select for analysis a 2 g. sample of each phase, quite Iree 
from visible prills, lixcept for tluj rt^gion of the interface, where prills 
wore obvious, tlui micrographu; (‘xnmiiuili<m showcnl tliat etich layoi 
wa.H liomogcncous in comiiosition throughout (c/. ref. H). 

Analyisis.—Lt was found tliat the best analytical pren’ision was achieve<l 
by dotonnining the S content of each plia.se. l)ott‘rmination ot Su by direct 
ignition to SnOg, as adoptcnl liy Hiltz and Mocklonburg* led to somcwlial 
variable results, clue proliably to the perceptible volatility of SnS, For 

analysis, an ap- 


tautm t pnqiriate weight of 

^ material (0*3 g. of 

-sulphide pliaso, t g* 

T*mp«ralw>. % S lit Uetd 1W % « feSSP***® 

treated with HCl. 

-evolved 

<)Oo® a*23 was carried over on 

gSo** 2*a7 Tt)73 a stream of CO* into 

1080® 2*27 Tyiji Br water, and the 

10*^5 resulting lliSf >4 was 

____dot or mined as 

HaS04. 

KxptTiments following the procedure descjribod were carnal out at 
temiHwtures of 900“, oHo'*, io«o‘\ and iiHo®, with results rt'cordod in 
Tablci I. 'Ilie mutual solubility of Sn and SnS cliaiigCH very little over 
the iozup(*rature ningo oxamiiicd, though tlic iucj^easo of tnisclbillty ap** 
jwreut at iiHo"' is prol)^ibly real. 


Tamporalw. 

%SiuM6tiklI>hasQ. 

1 % 8 In Salphiile 

l*]iasp. 

000 * 

2*23 

X<r 74 

<)Ro* 

2*27 

TO'73 

io8o* 

2*27 


1I«0* 

2-52 

i<r 05 


(B) The SoUdlfrtciloii Curve of Tlu-Rlch Mixtures. 

The earlier invostlgaiioiw’t» did not include any freezing i)oint 
measiironionts on mixturas cotilaluing ic*HS tlvui 3*2 % of S. 1'he arrest 
at 332^ o 1 >Morv<xl over a wide rat^'o of com}}oslLion, |)oinLs to the fonnalion 
of a eutectic ttiat dilferh very little iu comi)()sit{on from })uni Sn, It Is 
evident from the points now llxocl in the ])haso diagram that the arm A.B 
(Fig. 1) of the freezing curve of tlic metallic liquid phase must ascend i(K> 




To dx one or more points on thia part of the diagram, we carried out a 
lew experiments aa follows. Mixtures wore made up to contain a known 
low concentration of S, oither (a) by sealing up weighed quairtities of 
Sn and S, or {b) moire conveniontly, by mixiug welgiiM quantities of Sn 
and the tin-tioh phase from equlliDrium experiments at 910°, The tubes 
were heated at temperatures nigh enou^ to ensure complete fusion of 
the contents to a single liquid phase. The tomporaturo was lowered to 
a predetermined value Tt, and the tube was left in the furnace at that 
temperature for an hour. It was then quenched, and the ingot waa 
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sectioned and polished. If the temperature were wiiliin. tlie two-phase 
rep^ou, the growth of long prismatic crysbils of SnS was apparent, while 
iug«)t8 quoiichctl from above the tomperature of primary cryBlallisaljon 
had an ejciremcly fino-graiiiod structure. 'J'lie results are nummarised 
in Table FI. Current events made 
it impossible to pursue this part of 
the work further. It is clear that 
primary crystallisation ol a mixture 
contaitung 0*50 % S commenct's 
below 700**, but al)Ove 600®. 

To examine further tlio question 
of the eutectic compasition, a very 
careful mctallographio examina¬ 
tion was made of a mixture, con¬ 
taining 0-50 % S, which had been 
cooled as slowly as possible within 
the furnace. Tlie ingot was 
sectioned and polished, and then 
progressively etched with acid 
alcoholic FeClt, as recommended 
for the metallographic examinatioa 
of Sn samples.So treated, the 
primary cr^tallisation of SuS from 
the melt yielded crystals of largo 
size, embedded in an apparently 
homogeneous matrix of tin. Even 
under the highest magnification no 
certain evidence of a eutectic siructuro was found. There wus some 
indefinite structure visible, but having regard to the fact that only a 
^mmercial refined tin was available for the work, we are inclined t<» 
attribute this to coring, produced by the 0*1-0*15 % metallic impurities. 
Practically all the S mtist have been present in the SnS crystals, with 
very little indeed in the outcotic. 

TABLE II 



Open circles: oxporimontal poixitfl from 
this work. 

Solid circles: data of Hiitz and 
Mecklenburg. 


Cami^Kion. of Bfalt. 


i‘5o % S 

Ooo® 

0*50 % S 

«00® 

0*50 % s 

700* 

0*50 % s 

(JOO® 


ChajsAter of IMUabed Section, 


Duplex, much SuB orysiallised. 

No (letociablo crystallisation of SuS. 
No (Lotectablo crystallisation of SnS. 
Duplex, 


Discussion. 

The extremely low concentration, of SnS in the eutectic is a feature 
paralleled in other metal-chalcogen systems in which there is a wide 
difference in malting point between the metal and its chalcogenidos. It 
is a consequence of the extreme non-ideality of such liquid mixtures, and 
is thus directly associated with the same cause as the partial miscibility 
of the liquid pnases. For one such system, that of Fb ^tli S, a study of 
extremely dilute alloys has been made by Greenwood and WomjBr,*^ 
who found that the eutectic contained less than 0*0006 atoms per cent S 
(« 0*0009 weight per cent.). There is, indeed, a close similarity between 

Intemai. Tin Hosearch and Developmont Council, Tech, Fubl., Series A, 
No. 47, p. 9. 

Greenwood and Woroor, J. Inst, MskUst 1939, 6, 854. 

5* 
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the Sii—SnS, L^b -Pl)S, ho ffir as the phase cliapfrain of the lalU»r 

3 S known. bViedricli and Ia'idux di<l not, inriml, notice any iwt)-pluiso 
liqui<l regiem m tht* latter system, but (hiertler and Meissner ** found 
tluit mixtures contuitiing ludween 5 *J« lo % cH S m^Kirated into two 
layers. 'Plie iniseibility ol Sn amIIi'SiiS is thus distinctly liHvS than tluit of 
Pb and PbS, so that the nrtiial eutiTtie roinjM)sitic»n in the system under 
discussion may well be eotnisirable with tluit nvoidinl by (IreemvtHKl and 
Worner. 1L may be nottnl tluit a smular lelation obtains among the. (vroup 
VH metals ; in the system Sb SbaSn there is a regdon ot isirliai nuw'ibilUy, 
wlweas lU and Ih^Sj are completely iinse.iblo, altlxough the mixture is 
nonddeal. l<*urther» publlsJied data show tluit incnsise in atomic weight 
of tlic metalloid al^ IcjuIs to iiicn'asing iniseibility with metals, in the 
series tellurido selcmido sulphide - oxide. We may infer tliat in¬ 
creasing mutual polarisation Indwcen metal and metalloid--t.e., decreasing 
ionic character of the compounds—lavours miscibility witli nietnls. 

Summary. 

In the system Sn—SnS, there is a region of partial miscibility in the 
H(]uid state. The compasitioii of the conjugate liquids has hcvn deter- 
mined from their molting point (858®) up to it8o® C, The eutectic in 
this S3rstem lies vory close indeed to metallic tin. 

I'Medrich and I..croux, Mitialluygk, 1905, a, 536. 

^ truertier and Meissner, Metall ICrMt 1921, 18,145. 
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PART T.—TITRATION ACIDS OF VARYING STRENGTHS IN 

ACETONK-WATER MIXTURES. 

Known amounts of a nnml)er of typical acids, covering a range of 
disscciaiioii cmintauts, have been couductimetrically titratoil, in acetone 
water mixtuniH of varying coni[)osition, with sodium hycbroxiile. These 
measuremoutK were miuirctl to c^stabllsh certain of the titration lurocoduroH 
doscribotl in l^rt If, but the tiinitioa curves, shown in the b'igures, liave 
some intrinsic iuterc^st. 

llio solvent mlxturoH were made up by volume. Most of the cnqxad- 
ments were done with 0*05 milligram lUtuivulentH of acid in 25 c.c. of 
solvent, and to these the c/minientH given Indow imrtlculorly a]>ply. A 
number of exporlmonts at dilfereut acid concent rations, also shown iu tho 
Figures, were made to establish the validity of tho analytical meUuHl over 
a range o£ acid uoucontratiou. 

In the cages of beuzonesulplionic and hydrochloric acids, increased 
proportions of acetone in tho solvent increase tlie conductivity of tho salt. 
Possibly the Increase in mobility by diminution in viMJOgity of tlio solvent 
more than counterbalances the eHoct of lucrcoaing interionic forces due to 
decreased dielectric constant. In. the case of sulpliuric acid the eflect of 
solvent composition is obscured because at the neutral point in tho higher 
concentrations of acetone ihe salt yields a monovalent anion and one 
cation, and in the lower concentrations of acetone, a bivalent anion and 
two catlona. There is, however, evidence that at acotono concentrations 
above 80 % the effect with sulphuric ncld is similar to that observed in ihe 
cases of bmeenosulphonic and hydrochloric adds, 
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In some solutions, precipitation occulted after the end point was 
passed, being indicated opalescence of the solution and by decreases in 
conduc^viiy. 


Fig. I,—Titration of hydrochloric 
acid In acetone-water mixtuie. 


G. 0*05 mg. oqmv. 90 % acetone. 

w. „ 

00 7 a II 

0 , 0*10 „ 

80% „ 

d- 0-05 „ 

So% „ 

«. o-ots „ 

80 % „ 

f. 0-05 „ 

70% II 


(c. is pbtted K — 220 and 
mg. equivB. — ©’05.) 




FxG« 2.--*Titiation of bonsoneaulphonic add 
and picric add in acetone-water miaeture. 


а. 0*05 mg. eqtdv. 

б. 0*05 „ 

c. o«xo ,, 

d. 0*05 „ 

0*025 

/ 0*05 
Sf. 0*05 


bonseno- 

Bd- 

" phonic- * 
add 

picric add 

»> i> 


r^o 

80 

80 


180 
80 


40 


acetone. 

n 

ft 

I* 

II 

11 

>1 


{0. is plotted K - 150 and mg. eqtuivs. <- 0*05, 
/. and g. aro plotted K xoo*) 


Hydrochloric acid (Fig. 1] is exactly neutralised at the point of minimnni, 
conductivity, in acetone of 85 %Gonceatratiozi or lower. 1090 % acetone, 
t)^ is no M in conductivity on convexting the add to its sdt, but a rise 
oocuTB on addition o£ excess alkali, and is followed by predpitation. 
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Bensoitsulphonic acid (Rig* 2) gives similar rcsulis to IIQ, but even in 
tK> % acottme, tlicre is a dcliiiite drop in conductivity on nenimlisatiou, 
suggesting thal iu these condititins In'iizeiiesulphonic acid is a somowliat 
sliong<*r uritl IJuni liydiochloiic arid. and IIoih‘^ find that tlie 

conduct I vjlu‘s ol sulphotiic acids indicivie lluil they Ixduive as strong acids 
lu lupieous solution, tolucmvsulplumiu acid luMiig a simple^ strong acid, 
while there is cvulenrc of inictdlo lornuition in tlir pheuunthrenesnlphonic 
acids, 

Sidpharit acid (Fig. 4). -Tlic end point is ol^scurwl by ]>reci]utatinn in 
83 % and <)o % ucehnui. In 80 % acetone, the first dissociation is nou- 
tialised at the jKiint o£ minimum conductivity, and in 40 % (and lower) 
acetone, Indh dissociations arc neutralised, IJetwinin 80 % and 40 % 
acetone, the uiinimum conductivity moves jirogn^ssively fnim the point 
corrc»qponding to the find ncutmlisatiou to that corresponding to ilia second 
neutralisation. 



Fro. 3.--Titration of sulphurouB 
acid in acetemo-wator imxtuie, 

a, o«io mg. oquiv. 80 % acetone, 
ft. o-os „ 80 % 

c , 0*025 » 80 % 

rf. 0-10 „ Co % 

e. 0-10 „ 40 % 

J. 0-05 .. 40 % 

g. 0-025 .. 40 % 


Picric add (llg. 2) is exactly lUMilralisod at the ^loint of minimum 
conductivity iu Ho % and 40 % acetone, in 80 % acotonc, llio conduc¬ 
tivity o£ sodium piemto (i.s, at tlxo neutral point) is gnsitor than that ot 
sodium chloride (curve d, F'ig, x), tliough the mobilities (25^) of picrate 
and chloride Ions, rospeedvoly, arc given * as 30*0 and 76*3 in water and 
84-5 and 3co5*i in acotono. This may bo due to variations in degree of 
duflodation of the salts in the diiferout solvouts (see Davies,«pp. 228 et scq.). 
Sulphurous add (Fig. 3) behaves as a monobasic acid, neutralised at 
the point of mixdmum conductivily, in 60 % acetone, but oven in 40 % 
acet^, veoiry little of the second group is dissociated. This is proMbly 
due to (xmibinatlon with the acetone, giving a monobasde hydroxy-std- 
phonic add, whidi may be the cause of on observed slow increase in con¬ 
ductivity to a steady value, aCter mixing the add and solvent (convorsbn 
of sulphurous add, ;^K 177, to a stronger add). In 60 % and 40 % acetone, 
the titration was not atxicted until equilibrium was reached. In 80 % 
acetone (o«x mg. equivs,) the titration was started ixmnediatdiy after 

^ Bdam and Xlqpe, i^x, 843, • landdt-Bomstdn, TaheUm» 

^ Davies, CondwdMfy cf Swmem, and £d., London, XQ33. 
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cnivo a, gives ibe suggested course of the titiutioa if equilibrium had first 
beea established). 

Oxaiio aeii (Fig. 5).—The first diasociatioa is nemtndised at the aiaimam 
conductivitjr, in acetone of 60 % conoentratioa or lovrar. 
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Tartaric add (Fig. 6) gives no minimum ol conductivity on titration in 
So % acetone. From 6o % to 30 % acetone, the proportion of the add 
titrated, at the minimum point, inmeahos from to % to 50 % with 0*05 mg. 



Fk't, (),—Titration of tartaric 
acid in acotone-waior mixturo. 

a, o-io mg, oquiv. 80 % acetone. 


b. 0*10 „ 60 % 

6. o-ro „ 50 % 

d. 0*10 „ 40 % 

0-05 „ 40 % 

/. 0*10 „ 30% 


Fio. 7^Titration of lotmic add and acetic 
add in ocotone-wator muciuro. 


0, 0*05 mg. oquiv. lormic add 90 % acetone. 


6, 0*05 

c. 0«35 

d. 0*05 

e. o»a5 
/ <w >5 
jf. 0*03 
4 , 0*05 
/. 0*33 
J. 0*03 


( 4 ,,i.,aad/.aru 24 ottc<lmg.equiv 8 . *1 d*o«|.) 



Volume of solvent 33 c.c. 

K!|| M mdilo conductivity in gommhos. 
Alcoholic NaOH additions in mg. o<iulv8. 



equivs.of add (fimt h) in 35 c.c. of solvent In 33 o.c.of 40 % acetone, of 
0*05 mg, e^vs., 40 % weore titrated at minimum conductivity, and ol 
0*035 *ng. eqtdlvs., 50 %. 

JPormioadd ^.7] aptMtstoheoompletdvimioni^ %acefcone; 
in 70 %, a breakin thettfautton curve at o-oo o,c. may be duo to a small 
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degree ol ionisation. In 40 % acetone, less tban 10 % oi the acid present 
is titrated at ihe miiumuni conductivity. 

Acetw add (Fig. 7).--In 40 % at'clono, less than 2 % o£ the acid is 
titrated at mininmm roiiduclivity. 

Witli regard to tlic end i^oints oi the titrations, wo conclude that acids 
of pK < a are exactly titnitecl «t the ininitinun of conductivity, when the 
solvent contauus 40 % or less of Jiceloue, and acids of pK < i are exactly 
neutralised at the nnniinum il the solvent contains Ho % or less ol 
acetone. In those solvent mixtures whore the strength ot tlie acid is not 
greatly diminiahal, oxtinpolatiou ot the two branches of tlio titration curve 
(the customary procedure) gives sal isfaidory results, but when the ionisa¬ 
tion oE the acid is diminislicsl by the acetone, this procedure is not applic¬ 
able. Our empirical use of the minimum conductivity gives satisiactory 
end points within the limits which we sit 

Experimental. 

Mcasurcmcnls were made at 25° dt 0-02®. The bridge consLsteil of a 
Tinsley resistance box (lo*^ to 10® ohms) and a Tinsley ratio arms box 
(zo® ohms being used in ouch ami). Bridge input was from a valve ascil- 
lator with a telephone as detector. The bridge arms were arranged so 
that resistance box readings gave observed conductivities in gemmhos. 
The coll was of Himilor design to that illustrated by Davies * (Fig. 24b, 
p. 239), fitted witli a glas.s cap through which projccteil the tip of a 5 c.c. 
microburetto (graduated in. 0*02 c.c.). Coll constant 0-561, diameter 
3 cm., height to fihouJfh*r h cm. iiright platmmn clcctziKles and a bridge 
input of 3000 cycles were used, I'ho water useil, obLaiuoil from a Barra- 
glass still,* had Ku gemmhos. Acetone was Analar grade. 


PART II.—THE ANALYSIS Ol^ COMPLEX MIXTURES OF ACIDS 

AND vSALTvS. 

Ill connection with an investigation on tanning liquors, we have found 
it necessary to develop a method Jor examining dilute anueouH solutions 
wliich contain acids ol all strong tlis, and tlicir salts, in varying proportions. 
Tlio method, which may be of use in other problems, detorminos total salt 
content, and divides tlio acitls into three groups, of difforont strengths. 
A gcnoral feature of the method is that the results are based on titratioti 
figures, avoiding tlie iisi» of theoretically drawn linos and intercept, and 
oi moMlity vidues wliich cannot be checked by oamrimont. As Bavion * 
has pointed out, gn‘at caution inust bo used in the mtor|TOtatiou of results 
biuiod on Uioorotical lines or nssutnoil inobilitlos, in the examination of 
complex mlxturcH. 

wo do not uscrilie a ])ariiciilnrly high accuracy to ilio nioihod, though 
it is capable of rcilnomcnt. Its piirfiosc is to aiiompt a classification of 
the acids and salts in nilxturos Uk) complex to lie examiuod by other 
methods. It is therefore coinplomontary to the xnothodH doscribed by 
Davies and Righollato • (fniin which it is partly derived), since their 
methods were primarily devised, and are the more suitable, for detondina- 
tion of a single add in the prcsonco of a weaker acid. 

1. Examlzmtion of Complex Mixtures. 

Claasifleatiem of the Adds Present.—The method depends in the 
first place on the use of a synthetic resin for removal ol ^ bases " (i*e, 
substitution of hydrogen ions for other cations), as described by Brown, 

* Smith, Chemistry cmd tndus^, 1938, 57, 963. 

® Davies, /. Iva, Soc* iMiiher Trades Chem.t 1938, 181. 

* Davies and Xtighellato, Tram, Paraday Soc,, ^933, 39, 429, 438. 



io8 


ON CONDUCTlMETRrC TITRATIONS 


Cheshire and Holmes,’ Havinp converted all llio salts in the solution to 
acids, the resulting mixture of acids is dividal into Rroupa. Strong acids 
(/»K < t) are detonnined by titration in 8o % acetone. Strong acids and 
acids ot tni*dium strength (/»!< ^ 2) are dtdormined by titration in 40 % 
jicetono (see I’hrt I). The total arid content, including all carlmxylic 
aunds but as far as possible excluding iduuiols is determiiUKl by a modifica¬ 
tion of the proc<‘(hire iutinducwl by Davies and Kighellato,* in which the 
end jHiiiit in l<K*attHl at the mieisection of tiliation curves with a strong 
and a weak alkali. The acids are llieii classified in tlir(»c gtoiqis, which 
wo describe as ** /)K t acids,” ”/>R 1-2 acids,” and " pK j-7 acids.” 

T1m‘ use ol nipicHius acetone in the titration of strong acids is derived 
from Richardboii's work." Tn gives better n‘sidts than the procedure 
suggested by Davies and Righcllato,® in those cases wlunv the amount of 
stnmg acid present is not sufficient to rcprt*s« completely the ionisation of 
the carboxylic acids. With regard to tlu* dctemiination of total acid 
contoiil, we found the procedures dcscrilKsd * for the potassium hydroxide- 
ammonia titration to be unsatisfactory with tlic solutions which wo 
examine, since they contain, in addition to carboxylic acids of varying 
slrengilos, a variety of phenolic hydroxyl groups, and on account of partial 
interaction of the weaker base with these very weak acid groups, the plot 
of ils titratiou does not show a horiroutal portion, but rises continuously. 
Though the difficulty is leas marked with sodium hydroxide-pyridine titra¬ 
tion," the extensive liydrolysis of pyridine salts diminishes the precision 
of thia procedure. 

The equilibrium constant Kg for the interaction of an acid and a base, 
taking j^yrldino as the base, is given by 

rC.HJ^H-1 [AH h\ 

where K^, is the dissociation constant of the acid, :iiul ifn is the association 
constant of the base ; wliich in the cose of 

X>yridine = io-^V -^*3 — 4*3 X 10-®. 

Tf the pyridine i.s present in largo excess over the acid, then writing the 
initial concentration of acid Jis r, the concentrn Iiou <3f pyridine as Pc and 
the fractional degree of salt hmnation ns a, 

^ “a) 7 »{c * a) 4*3 X fo •* 

b'rom this relation, ilu' extent to which an acid of known dissiKuation 
constant will bo converted to salt, on addition of a known anumiit ol 
pyridhuv be cahmlalod. Table I compands caloulaled and expm<> 
tnonlal n'Hults, for a nnmlH*r of muds, in the ciise where the <H|ulvalont con-* 
coiitrati<«i of pyridine Is a hmidrtHlfold tliat of ilie acid {P . 100), 

Our method for titmtion of total acid content is IxiHcd 011 the above) 
princix>lo, and on the similar mobilities of pyridhiiuin and K<Hlium ions. 
The conductivity of the solution of acids is detonnined after the addition 
of a large excess of i>yridino. The end jioint la the point whore the ascending 
porfciou of the 8o<Uum hydroxide titration esurvo passes tliruugh Uiis con* 
ductivity value (a correction, dcscribod Ixslow, can bo applied for tlxo small 
diflerenco in the mobilities of the two cations). Wo rmcr to this as the 
” pyridine end point,” The use of pyridine in this way has the following 
advantagofi: a large excess of pyridme can be introduced without greatly 

’Brown, Choabire and Holmes, /. /af. See. Leather Trades Chm.t 194^5^ 
11(54 1 somewhat similar uses of luuie-oxchango resinH for analytical puxposes have 
been described by Samuelscm, Z. Cham., I039i 328; Svensh* Kem^ 

Tids^, 1939, 51, m; X940. S!». Its. a 4 *- 

* Riduadson, Proe. Jtoy. Soe. S, 1034, ii8> 
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diluting the solution, by addition o£ 1 c.c. o£ the pure base; it reacts 
almost quaulitotivcly witii acids o£ pK 6 or lower; the extent oC inter¬ 
action with very weak acid (phenolic) groups is so low tluit comparatively 
largo variatioiih in the amounts of these gr(mj>8 im'sent do not greatly alter 
the conductivity in the presence of exci'ss pyi'idine; excess of pyridine 
which doas not react with acid does not contribute signilicanlly to tlio 
conductivity of the solution. A luindredfold excess of pyridine was used 
in the experiments doscrilwl btIo%v, tliougb other proiiortions may in sonio 
cases be more suiiablo. Kor oxample, addition of 1 c.c. of a 10 % sohition 
of pyridine (10 fold exccHs) would diminish tlio reaction with phenolic 
groups, witluiui seriously climinislung tlio rctudion with carboxylic acid, os 
can. be shown by calculations tor the case where P - 10 in tlic relation 
given above. 

The above pniceduras rest on a somewhat arbitrary Iwtsis and the 
possibility of overlaj>|)mg l>etwecn the dillerent gnmps cannot bo excluded ; 
it is impossible, by any ol titration, to separate acids whose dissocia¬ 
tion constants ditler by only one or two powers of 10. We arc, however, 
able to record what proportion o£ acids of given dissociation constants 
will bo returned in the diileront groups. 

/iK< 1 Acids.—Hydrochloric and bcuzcnosulphonic acids, picric acid 
{pK 0-8) and the 

first dissociation oL TA.JMd^ I.—Pbrcuntaob ok Acids ok Varying Uis- 
sulphuric acid are sociation Constants which aru CoNVXRum to 

quantitatively re- ^alt bv a llONDRKnFOLo JCxckss ok iVkiniNK. 

corded in this group. 

Sulphurous acid is 
quantitatively re¬ 
corded os a inono- 
baaic acid in this 
group (see Part 1 ). 

pK U 2 Acids.— 

In this gnmp are 
quantitatively re¬ 
corded, the iirst 
dissociation of oxaJic 
acid (^K1-4) and the 
second dissociation 
of sulphuric acid 
{pK I'o). It may 
record up to 50 % 
of acid of pK yo 

first dissociation of Lartario acid), but since the pro|:^Ttioii of such acid 
recorded in this gniup diminishes an Uie amount inroseut increases, thih lack 
of precision is to that extent less likely to cause serions confusion. Tliis 
group may also include not more than 10 % of formic acid ipK 3*7) (se«‘ 
Part 1 ), 

pK. 2-<7 Adds.—^The limits of this group ore indicatal, on the one liand 
by the extent to which its stronger constituents are recorded in the pK. 
1-2 acids (see above) and on the other hand by the oxtoni to which the 
weaker adds are included (see Table I). Since pK 2-7 is a Romewlmt wide 
range, we find it useful to make a rough measure of the strength of the 
adds in this group, which we describe os the “ average pK " ; as described 
below, this figure is also of use in a check on the accuracy of the analytical 
results. It is determined as the pH at the point at which thepK acids 
are half-neutralised; the titration is done on a solution from wliicli tlio 
bases have not been removed, and allowance is made hnr the prosence of 

•Hamod'e xesults, quoted by Moolnnos i®. 
i®Chaudlor, /. Amer, Chun, Soc.^ 1908, 30, 09^. 
l^TOXU International Critical Tables. 
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any 2-7 acidn in the form of aallK in calculating the amount of alkali 
requircfi to reach tho ptuiit of Imlf-neuiralisailion.^a 

Dclcrminatioa of Ifroe Acid is made by tho alx)Vo " pyridine end¬ 
point ** procedure on a solution from which Ihc basts liavo not been 
removed, 

l>etcrmhiation of Salt Clontcnt —I’reviously dewnribotl conductimclric 
niothods for deUTfiniiQtion of salt oonlent do not give saiistiudory 
n»8ults when appliecl to complex mixtims. Determination of salts of 
weak acidSi by titration with staiulard hydrochloric acid • tlciHuuls on an 
ashuinoil value lor tho nuibdity of the weak anirni, and on complete reproa- 
siou of the ionisation of the liIterated weak acid. Strong base-strong acid 
salts can only lie dotormmed by applying assumed mobilities to tlie inter¬ 
cept, on the conductivity axis, of the salt line in the titration of the weak 
acids witli alkali, except in special coses, e.g., whore precipitation mottiods 
can bo applied. 

A simple and dclicato measure of salt content is, however, given by the 
diiterence in titrations of the solution before and after it has been passed 
through tlio base-removing resin. Brown, Chosliirc and Holmes,from 
whom we derived this motliod, used ix^teiitiometric titrations, and wo find 
it, in general, applicable to tic conductimetric method. In considering 
whotlior it is applicable to any given typo of solution, however, the following 
points Hliould bo coiisidorod; (i) It records salts of strong and weak bases, 
such as potassium salts and ammonium salts, but very weak bases, e,g, 
quinine, are partly displaced by ],>yridino at tho first end point, and their 
salts thus partly recorded as free acid, with a corresponding decrease in 
the amount recorded os salt, (ii) If some acid molecules are co-ordinated 
with cations, they may be titrated at the first pyridine end point, but 
removed from solution, with the cations, by Iho resin. Tliis will make the 
observed salt conLent too low. Wo have not investigated this point in 
det^l, but in some of our analyses of tanning liquors, a break in the 
sodium hydroxide titration curve (before remov^ of bases) just licfore the 
pyridine end x^int is reached, coupled whh other daia, drew our attention 
to the possibility* (ill) It appears that from some solutions Uie resin may 
^b small quantilles of acid. We find this to occur, to a limited extent, 
in solutions which contain acid tannins; those arc largo molecules wliioh 
contain carboxyl groups. We have not found any evidence of st>r]>lion of 
simple acids. 

To guard against I he alxive po.sHibilitios of error, we check the sjill 
ddc*rminntion by an altmintive method. 'Phe substance under examina¬ 
tion, dissolved in % a<',o(<m<‘. Is iitraic*! witli sodium hydroxide. At 
the }Xiint of miiiimuiu coiuhictivity, only the free acids of fili v j arc 
titrated. Hiuco the total auumnt of lht‘si» sudds pnssc^nt is known, the 
amount |>reHcnl sis wills crin bo calculatotl, and is lJu* Uital salt ciontent ot 
the substauco. I f, ou the other luwul, all tho fili <2 sire in the form 
of salts, and iiosHibly some of tlui jfK 2-7 acids also, a known amtnuit of 
HCl is added to tho hOluUon in 40 % acetone, to dis]ilac<' /»K 2-7 acids 
irom their salts. The titration then glv<is tlio residual free HCl, uml tho 
dillercnce between this and the amount of TKl achlecl is ec|uivalcjit to the 
salts of 2-7 acids. This quantity, added to the content of pK < 2 
adds, which in tho first approximation must iu this case oil bo present as 
salts, ^vos tho total salt content of tho substance. 

This method is less delicate than the 'Hwo xiyridiiie ond-ix>iuts" 
method, because it involves the sum of several separate operations, and 
because the couduotivlty changes in the above titration are small. It is 
in the first place usoftd as a ch^ on the pyridine eud-poini» method, but 
might be used alone in cases where the latter is vitiated. 

“Too usefol procedure described by Phllpot, Khodes and Davies {/.C. 5 ., 
1940, 82), for calculating the approximato cUsabdation constant of an ada from 
its conduetimetrio tltramn, is not applicable to mlxturos of adds* 
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Check on ihe KesultH.—As the inelhofl i.s sonitwhiit orbitmry, wo 
check tho concluaions by au imlci^entlent incwsuroinezit, by calciilotiufc, 
from the pU value of tlio .solution, the pnzjwriinji of tlie (Jillerent tyiie-sof 
acidH which are preacnt aw wilts, aiul cumparinft th(» huiu <if those cnlculatecl 
salt contouts, with the obsomsl salt (unitoiit of tho solution. A zist'lul 
expression for tho protiortioii of any acid pr<*w‘iif as salt i.s f^ivoii by Myscls 

5 .. where b is tho ]m>portion of sicid in the fonn of salt, 

and pK and refer to ;u.id and solution rosiH'clively. 

2. Experimental Methods* 

General discusHions of tlic nu'thods of coiubintimelric litKiiions are 
already available,®* aiul we only describe hero Ihc special features of 
our application. The apparatus for titrations in sicelouc solutions is 
described in Part C. Anolar (jr recovered acetones wore used ; the waU*r 
content of tlie latter was checked by determinini? its roiifluctivjty alter 
saturation with KCl (tho vahie increases lapidly with w*itcr conlt^nt), 
Analar acetone saturated with KCl had Kgi 3 geniinhos. A mixtiure of 
99 c.c. Analar acetone and x c.c. conductivity water, saturated with KCl 
had K„ 17 gommhos, and we rejected any recovered nccstono which came 
above this limit. 

For titrations in aqueous solutiou, the same bridge was \v*o<l. The cell 
(diameter C cm., height to shoulder 12 cm., cell constant o-iiH, the side 
arms for electrode connections being mainly outside the Ixidy of ilie coll) 
was similar in shape to tlmt usc<L in the acetone titndions, and iiitofl with 
an inlet tube for COj-freo air, or inert gns, entering Imlf-way clown tho borly 
of the coll. The working capacity oC tho cell, ap}u:oximatoly 220 nx., 
brought tho solution level up to the inlet tube. 

Since we worked witli very dilute solutions, we found tho use of bright 
platinum electrodes necessary to avoid adsoiqrtiou errors. The catalytic 
action of jdatinum black hjOH also to be considered when dealing with solu¬ 
tions of unknown compositiou ; for example, it causes difTiculty in titrating 
solutions which coniom formic acid. To diminish polarisation, a brUlge 
input of 3000 cyoles was used (on occasion, a luilancing capacity porollol 
to the resistance box was helpful). 

Mobility of Pyridifldum loiXd—The hoTizouial pcnHikm of the titration 
curve of 0*566 lUg. equivs. of H.C 1 with 0*05 N i)yridine in 250 c.c. water, 
correspond^ to ^75 gemmhoa. A o*ooj( 33 molar solution of i)yridinium 
cliloride, iu tho ixpt^acnco of oxcosa of pyridine, luul Kh 539 gcmmlU)H. 
Using Robinson and Davies* correction for iuterionJe Corocs, iuid taking 
76*3 (from Machines ‘•) os tho mobility of cMorido ion, Iheso Iwo a^snlts 
give 47'6 and 48*4, respectively, Cor tlic mobility of t)yri(Unlum ion at 23®, 
Tho average, 48*0, is suJEcionily accurate for our pur|x>Hc. l»‘or tho mulium 
ion, Maclnnos quotes a mobility of 50*1. 

Base-removing Rosin,—-The pr(q)aration ami use of tho resin lias Ix^en 
described by Cheshire, jBrown and llohncs *; a base-oxcluinge material of 
this typo oan be obtained from tho Permutit Co*, Ltd., under tho dosignatlou 
“ Zoo-i&jb H.I.'* 

Solutions under test are percolated throng about 15 g. ;()ortions of the 
resin (in tubes of about i inch diameter), Immcdiaioly before each use 
the r^n is washed with 200 c.c. of distilled water percolated in 1 hour, 
followed by 70 c.c. conductivity water percolated in 20 minutOH. Poilions 
of the test solution, containing about 0*7 mg. equivs. of salt, dissolved in 
90 c.c. conductivity water, are run through the resin in 20 niinutes, followed 

Mysols, /. Chem, I£duc., 794X, 18, 478. 

Britton, Cond%tctcmsiric Analysis, iLondou, 1034. 

Robinson and Davies, 1937, 374. 

Maoinnes, Principles EUctro^imistiy, Kow Yoxk, 1030> 
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by QO c.c. wash water in 20 minuies, the pernilale atul waslun^s Ikmuj; 
niixcil. IJscfl ill this way we thul tluit 10 g. <»l resin leiiwive the btihe from 
5 mg. iHjiiivs. oJ K(*l with an clficiency of % (the elhciency (hen falls, 
being (wi *5,) when 10 mg. et|iiivs. ol KC\ liave Iuhmi treattsl). Weregeiiorate 
the vi'hin when 2-5 lUg. nl salt have pashcsi through it. 

Tlie resin is regeiuTaiisl by contact with 2 n IK'l tor i hour, then 
wasluHl with 1500 e.e. ilisiilUnl waiei, in the eomse ol which it sUonhl 
staiul overnight m eontael with the water. Iinnushately U^ttire ns<‘, the 
Tc^sin is waslusl witli contluetivity watei (t>o r.e., 45 minutes iM*reolutiou). 
At any stage ol its history the resin teiula to yield acitl to the wash water ; 
if the final wiushing water has K.,6 (» gennnhos, we rciieat lh<‘ washing. 

A coiriHrtion may l>t‘ luude lor the amount of acid taken up by the tcsit 
.solution during percolation through the ri'siu; this is ol the order of o«i c.c. 
of 0*0*2 N por 200 c.c. ol porcolaie. 

Tilratioti of Acids in Acclono Solution. >-The combmeil solution 
and wasliings, after iH'rcoIatiou through Uie rc.sin, aro cva]>orati‘tl below 
the boiling-point to a small \nduine (5-10 c.c.) ami transferred to the cell, 
with the appro]>riute amount b of water and acetone to give total volumes 
of 25 c.c. of 80 % or 40 % acclone, acconlmg to the gniup of acids being 
litrattsl. 'file solution is titraUsl with 0*1 n alcoholic NaOll, ami ol>stTvcd 
C(m<hictiviticH arc corrected to 25 c.c. for plotting. The end point is at 
the iniuinnnn conductivity, but the total titration should not exceed 0*5 
C.C., since if the amoniit of acid l>eing titrated is high, its ionisation may 
have been reiircssed to an extent wliidh will prevent llio end ixnnt of titra¬ 
tion from coinciding with ilia minimum conductivity and errors clue to 
precipitation may also arise. 

Titrations In Aqueous Solution^—^'fho following proccxlure is used 
lor solutions I'loforo and after passing tlirough the resin, the titration 
being mado witli 0*05 n aqueous NaOH in a volume of apimiximately 
220 c.c. Observed conductivities are corrected to 220 c.c. for ploitmg. 
A current of COffreo air (or other suitable gas) is passcil through the cell, 
over the surface of the liquid, for 30 minutes lieforc adding any alkali, 
with occasional vigorous shaking. Though the COj in tin* water we used 
is not of groat imi>ortanco (the amount of COa rcipiired to give Kf^ t*2 
gemmlios in water would give lva» 1*7 gonmihos when converted to ])3a:i- 
diniiini or NaiK'Oa), yet it is dc'sirablc to exclude the C'( >9 of the outside air, 
particularly in tlio case of the i^yriiline titration, wliwe uptake ot CO* by 
the large excess of l>nse wrmld cau.so a gradnnl incn'aHo in tiio conductivity. 
(Tjible I shows that there will Ik* ap])riH;iable interaction iKjtwcen carlionic 
acid, K i|-5 s Jo ^ and pyridine.) 

jyridhic, - One c.c. of Analnr pyridim* is adiled to tlie solution with 
shaking aiul Ihe cmuluclivity then recordeil. 

Sodium kydr(>jeidi \-alkiili can iw added in liilrly large {o‘5 c.c.) 
amounts until tlie aHe>onding iiorlion of Uu> curve is approacliing the cou- 
duotiyily of the pyridine salt : adtUtioim are then imule in 0*02 c.c. ]x>rtions. 
Our limits (fi.g. ns shown in Table I) have beirn workisl out for conditioiiH 
where the titration is loss than 5 c.c. 

The correction Xor the diiloroncc in mobility of the two cations is 

(-djii — iltiyrldiw) X to* ^ N ^ 

Fooo ^ inre ^ 

where JSf « normality of tlie NaOlI. 

V see volume of solution in the coll. 

C a« ooU coustont. 

T » 0.0. of NaOH added at end point. 

It can bo reduced in the present case, with aulliciont accuracy, to the 
following procedure. The volume (c.c.) of 0-05 n NaOH added at a point 
where the conductivity in the NaOH titration is approximately equal to 
the pyridine salt conductivity, is multiplied by four and tie product is 
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added to iho pyridine salt conducHviiy (in ftctnmhos). The result is the 
conductivity ol an amount of Sf)dium salt e<iiiivalent to the amount of 
pyTiclino salt formed, and the end iH>iut is the jxiint at which tin' soiliinn 
hydn)xido titration passes throuf^h this conductivity value. 

'ITie experimental results Kiveii in Tabic I wen' <U»tornnn<Hl by the alxjve 
metliod, 0*1 mg. ctpiivs. of the acids in question l)eing taken lor titration 
in tlie form of suitable volumes of sohilious of known .strength (0*2 mg. 
equivs. ol sulphuric and maleic acids were used and allowance was made 
for titration of tlioir first disscKnation). The phenol solution was made up 
by weight, tlic strengths of the other solutions were clcLomiined by titration, 
iodimotrically in tlic case of the 11 aS solution, and with 0-05 n NaOU, 
using a suitable indicator, in the other cases, 

♦‘Average pK.”— Fifty c.c. of solution, containing of the order of 5 mg. 
equivs. of acid, arc titrated with 0*2 n MaOH, pi\ being measured wiiJi the 
Cambridge Instrument Co/s **pH Meter** and glass electrode. 

Salt Determinations,^ —^PIic following results by the pyridine end¬ 
point motliod indicate the scope of the method, h'rom coi mol. of KCl, 
in i)o c.c. of water, i)6 % of the theoretical amount of acid was found aiter 
passing through the resin ; other results with KC'l are given above. I^m 
0*053 millimol. o£ quinine hydrochloride. 90 % of the tlioorotical amount 
of acid was found. From o»i mg, equivs. of HjSO*, half-neutralised with 
NaOH, and from ot mg. equivs. ol acetic acid, similarly half-neutralisod, 
the rectivory of acid was <|uantitative. 

The p3rridinc end point in the titration of a solution containing 0*004 
mg. etiuivs. of acetic acid and 0*020 mg. e<tuivs. of ammonium hydroxide 
corresponded to the titration oC 0*07^ mg. c<iuivs. of acid. The pyridine 
end point in the titration of 0*053 millimol. of quinine hydrochloride 
corrcsjionded to the presence of 0*014 mg. ociulvs, of free acid. Thus 
ammonia is not displaced at the pyridine end point, but some 25 % of 
the very weak base, quinine, is displaced. 

With regard to the possibility that acid may be absorbed by the rosin, 
a tanuin solution was jiassed through the resin at the prescrib^l dilution, 
and loconcentrated. It then contwicd 79 mg, eciuivs. of acid per litre. 
A portion of this concentrated solution after paasago through rean which 
had been freshly regenerated and washed should not contain cations 
which might remove acid by co-ordination) was found to contain 7a mg. 
equivs. of acid per litre. 

The principle of the acetone titration for determination of salts is 
describc<l above. To a jxirfciou of the test solution, with addition of 5 c.c, 
of 0*002 N JrlCl if there are no free < 2 acids present, water and acetone 
are added in amounts to make a total volume of 25 c.c. of 40 % acetone. 
The solution is titrated with o*x n alcoholic NaOH, The titration shouUl 
not oxcoed 0*05 c.c. 

The following experiments illustrate the method. Titration of a solu-* 
tion containing 0*300 millimol. of socUnm acetate and 0*150 mg. equivs. of 
HCl showed that it contained 0*055 mg, equivs. of free acid. A solution 
of 0*050 mg. equivs, of HQ and 0*020 equivs. of ammonia was found 
to contain 0*030 mg. equivs. of free amd. In titrating quinine hydro¬ 
chloride, the curve rises from the start, quinine is not displaced. 
Pyridine is almost entirely displaced; titration of 0*050 mg. eqtdvs. of 
HCl and 0*020 mg. equivs. of pyridine showed the presence of 0*049 mg, 
equivs. of free add. 

3, Examples. 

The results in Table 11 (in mg. equivs. per litre) were obtained on analysis 
of two tanning liquors. 

liquor A is an exam|)le of the snore common type of results where the 
acetone-HCl salt determination supports the pyridine end-p^ts method, 
and we therefore use the latter ligine. 
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ON CONDUCTIMKTRIC TITRATIONS 


The amounts of the dificrent acids prcstnit as salts are: pK ^ t, 1*5; 
pK x-z (iiMiig pK 2 fj>r calculation), 13-0; pK 4-2, 31*8, The sum of those, 
.|0'3 mj*. c<juivs. por litre, is in fair agicement with the oKserved %ure, 44*0. 
Liquor IL 'J'his is an oxainplo oi the loss common fyiio ol results, in 

which the pyiidine cud jioints 
TAIiLK ll frfvc t(K) low a wilt cmitent, 

A li hui the acotone-I ICl method 


* - 1 acids 
1-2 w'ids 
pK 2-7 acids 
l^TOo acid 


Salts 


gives a satisfactory result, 
and wc take 14*5 mg. oqinvs. 
pc‘r litre as tho salt content of 
the solution. Since in .such 
cases wo have evidence that 
acid is removed from Uuining 
liquors on passing through 
the rosin, we add the differ¬ 
ence between tho two salt 
contents to the second p3nri(Uno end point before calculating the total add 
content (from which the amount of tho 2-7 adds is derived). 

Tho calculated salt contents are: < i, 3*0; pK t«2, q*o ; pK 2-7, 

2*5 ; total 14*5, thus Justifying tho use ol the aceiono-HCl results. 


‘ end points , 
^^hy acetone-lia utration 
Average pK oi pK 2-7 acids ’* 

pir . 


lyo 

5V« 

2/j*2 

44*0 

4-^*3 

4*36 


3*0 

0*5 

7p8 

ts)*8 

3*0 

14*5 

47 

3*^4 


Summary. 

Fart I.—Doscribo8 condnctimotric titrations of adds of vaiyine dissooia* 
tion coDStants, in acotono^water mixAures of varying composilions. ‘with 
O'X M alcoboiic sodium hydroxide. 

Part II.—Describes a procedure for tho examination of complex 
mixtures of adds and salts by conductimetric titrations. For the dassi* 
fication of the adds, the bases are first removed by a synthetic organolith, 
and the adds then separated into groups by titranons, (A) in So % 
acetone, (B) in 40 % acetone, (C) in vrater. Strong adds < i) axe 
recorded in (A); aci^ of x>2 axe equivalent to B>A; odds of pK 2-7 
axe otiuivaleni to C-B. Salt content is determimxl by tho diiterence 
between tiirationH of tho holution before and after the babes liavo been 
removed ; an altoniative method is also described. 

Tlui tmicoduro for dcionniuiug the end point, in the titmtiun of total 
addity, is dcviseil to record all carboxylic acids, and to exclude, as far as 
]V)Hbiblc, phenolic gnm]i><. 

Thanks aio due to tlio f>irector and (',««noU of tho British Leather 
Mauuiacturers' KeseaTcb Association for permissuni to ])ublihh this paper, 
and to Dr. C. W. Davies for helpful dihcussions, 

liritish leather Manufacturm' Kesoarch Asiociatimi, 
at RothatitsUtd MxperimetM Station, 

Harpendon, Herts. 




LATENT IMAGE FORMATION * 

ijy w. f. 

Receiocd iqth Rehmary^ 10^3. 

I. Naturo oE tlw^ PhotORraphic I-atciit Imngt^ 

II* Single Crj*8tal« nnd Kmulsions. 

(a) Al^rpiion oE 
{bj Eloctrf>nic J'riH'osscs* 

(1) 1 ’hoto-coiicluctivity. 

(2) ilromino atoms. 

(3I lilectronH Xruni colloidal silver. 

(4) ITerschel cllcct. 

[c) Ionic piocossuH. 

(i) Interstitial ioas. 

{z) Holes. 

HI. Latent Imago Formation, 

fa) Mucliunisia 
uA Si^e of latent inugo. 

(rj Size of sensitivity speck. 

(a) Electric capacity of sensitivity and latent imago specks. 

IV. Devdopmont. 

ifl) Energy balance. 

(i>) Mechanism of dovelopinent. 
fi| EIectrol3^ mechanism. 
h) Development: an iniorfacc catalysed reaction. 

(3) Bate of development. 

V. Photographic Effects. 

(a) Eodprocity failnro. 

1 x) I.0W intonslty Eatluro. 

2) 1^- and aitoTHneposuro, 

3) High intensity falluro. 

V<^ high intensitioH. 

5) Texni^eraturo effect on redprooity failure. 

fi) ].K>w temperature oseposuros. 

(0) Various plioiogmplilc oEects. 

(i) Clayden ofleut. 

(zj Solicisation. 

(3) Dye bonsitisation. 

Since the publication in 1938 of the paper by Gurney and Mott ^ on 
the photolysis of silver bromide and the photo^pbic latent image, a 
considerable volume of research has accumulated which was largely sdmu* 
lated by that paper. The basic conceptionB of Gumey and Mott still 
stand, but many of the smaller details have to be recast in the light of 
more recent esepedments. Tt is the purpose of this paper to present the 
revised theory in as coherent a form as possible, considoarations of space 
preduding any attempts to go into great detail in those cases where alterna¬ 
tive explanations have bew put forward. A few recent unpublished 

* Communication No. H. 88^ from the Kodak Research Labomioriea. 

1 Gumoy and Mott, Pfoc. Roy, Soc* A, 1938, 164,131. 
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oxpmniontal rosiills have been iucludod. lii sevend cases tentative sug- 
gosiums liav(* bcK'ii tmulo whore Ihore appoan^l io bo ga]w in either the 
theory or tlie exponmenlal data. 

I. Nature of the Photoftniphlc lAitent Ima}%e, 

'I'he photographic lalont inuigc* has lor a long lime bam regjinhsl as a 
iniiiule H]K5ek of mol a Die silver,* which s<tvos as a csitulyst enabling the 
developing sohilion to diwiinguish betwcou expotsal and iinoxiwised grains. 
We sluill here mlopt that assumplion and try h) uccoimt for the formation, 
of the latent image tm the Ikwis of the known ph5rHicaI proiHsrtica of the 
silver halide, making up the photographic grains. We can. hardly do 
better, since the amount of latent image formed by ordinary expasuros is 
so minute that the experimental evidence on its nature is necessarily 
indirect. Tlic processes occurring when light is alwsorbed by silver halides 
can, however, ho conveniently studied on single crystals, although the two 
cases are not strictly atuilogous. In photograpluc emulsion gi'ains, the 
ratio of surface area to volume is relatively largo compared with the single 
crystals, and iui])uriticH play a correspondingly large imrt in emulsion 
gniin.s. Jt is profitable, however, to understand the mechanLsm of light 
absor]>tion and of the electrical properties of x^ure silver halidos in ordcu: to 
extrax)o]ato to the case of impure materials. 

II. Single Crystals and Emulsions. 

(a) Absorption of Light* 

The light absorption of silver halides differs from tliat of most of the 
other ionic crystals in one very imx>ortant respect. Instead of the sharply 
defiiMKl bands found, e.g, with the alkali halides, spectral alworption falls 
but slowly, and can be measured a long way, towards longer wave¬ 
lengths.* This has been accounted for by the assumption that the surface 
ions are considerably more loosely lx)uncl tlmn those in the lx)dy of the 
crystal,* A large single " real crystal has boon regardctl as being built 
up like a house of bricks of a largo numl>cr of very small " ideal " mosaic 
crystals ; “ the mons loosc'Jy bound ions occiu on ail the interfaces between 
the indiviflual ideal crystals and so form an apprucisblc fraction of the 
total number of i<ms available. 

The existence ot this long ubsor{>it(>ii tiiil is of crucial im][»}rianco for 
the Uirmaiion of the latent image*. If one iniapnes an omulHiou made up 
from one of tlws alkali halides which have a well-defined al)Horption baiul, 
one cniL set* at ona^ tJial all the light whieJi the grains are ca{>ablo eff 
absorbltig will be alworbod in tlw first layer a]xirt from a very small mugo 
(}! wavelengths, With silver ludide.s, n far ^vld^'^ mnge of wavelengths is 
capable of penetrating iiit<» tlio doi^tlis of a pliotogniphJc emulsion and of 
roistering itseir as a latent imago. 

The assumplion tlint tlio surface ions arc loosc^ly bound is further 
8umx>rtcd by the fact tlmt their absorption (or at least the absor[)fciou 
tail] is oasUv changed by Impurities. U is to bo assumod tlmt adsorlxnl 
impurities, oy olectric or other interferenco, clmnge ilio binding energy of 
the surface ions, and tiius their absorption sjXHiitrum. 'rhus the long wave¬ 
length absorption of silver halido difforu considerably for diiferont spi^mens 
and is therefore not entirely chamctcristic for the material. 

•See, for instance, Abof^, Wied, Ann,, jHoi, 4^5 ; Obtwald, JLfAfft. aUg, 
Chmic, Loipadg, W. Knwlmann, 1803, Vol. 3, l»art x. 

* Fewfoidt and Cryulai, Kachr, Gts, Wiss, GgUIngm, Math, Phys, KL, JI, 

* HorjBfeld, Z^hysih, Chsmie, loaj, 105, 341), 

* See Oit, in Wien and Harms Hdo, Jisiperimentalpliysih, VII, l*arl a, l^oipaig, 
t938, p. loz 0 t s$q. 
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(b) Electronic Processes. 

(1) Photo-conductivify.—A. hilver lialidc cr5rstal kept in Uie dark at 
low temperature ia aii insulator. Illumination by lipht of a wavelength 
abaorbed by the cryrsUil in the nliaorption tail meiilionctl in the ])rcvious 
section produces a conductivity of demonic nature.* ** b'or every quantum 
o£ light absorbed, an ck*ctrou can Ik? drawn across the cryhlal lo the anode, 
if the eUctric held strength is suiheient.’ It is ini]K>ri«iit to note, however, 
that some of these electn)nR are trappe<l it the iield strength is too small; 
tlxo nature of tliose traps is unknown.’ 

The electrons carrying the plioio-ctirr(»nt are considered lo be removed 
from the bromine ions in the lattice and raisc^l (in energy) into the so-called 
conduction levels of the 

crystal,*. * The electron q o 

moves about in the a^n- 

duction levels with SILVER HALIDE 

thermal energy, its CONDUCTION LEVELS, 

velocity being of the 

order of xo’ cm./sec. Its -- 

dillusiou coeillcieiit is. of 
the order of i cm,“/sec. 

A cayslal of silver 
halide containing small 
amounts of colloidal 
metallic particles such as 
occur in latent imago 

formation shows the Ag MCTAl 

ohoct of trapping of OR Ag^s 

eloc^ns to a much —Electron lovclh in silver halide and silver 

greater degree th^ a or BUvor sulphide, 

pure crystal.® This 

means that the conduotiou levels of silver arc bdow tlxosc of the silver 
halides, so that electrons passing from the silver hoJido into a silver speck 
cannot easily rotttrn (IJlig. 1). 

(2) Broxnlne Atoms.—Absorption of a quantum of light thus leaves us 
with a mobile electron, and a halogen atom somewhere in the lattice at 
the place where the act of absorption occurred. The late of this atom is 
not clear. There is evidence that at least some of the halogen leaves the 
crystal and is taken up by the suiroimding gelatine i|;n a photographic 
emulsion. This is easily understood if it is assumed that most of the 
absorption of light occurs near Uie surface of the silver halide grain. That 
assumption is fairly legitimate, since the size of the mosaio cnystalB in 
silver halides is of tlio order of the grain size of photographic emulsions.* 
(See also Section V c? 3) Wo can tlius picture our photographic grain as 
a nearly perfect crystal iu which only the surface ions are sumdently loosely 
bound to cause absorption at long wavelengths. 

Halogen atoms apixoor to bo fairly mobile even inside a silver halide 
crystal: colloidal silver formed insido a single crystal of silvear bromide, 
presumably along internal cracks, can be re-formed into silver bromide by 
treating the crystal with bromine, water and other ewddizers,*® The mobility 
is probably not a mass transport, but an dectronic process of replacement; 
a halogen atom moves to a neighbouring place occupied by a halogen ion 

* See Tubandt, in Wien and Hanns Hdb, ISifpsrimdntalphysih, XII, Part i, 
Leipzig, X932; Wilson, Anfi. Physih, 1907, sui, X07. 

’ Lehfeldt, iVacAr. Wiss., Maih, Phys. KL, II, X935,170. 

•Wilson, Proc, Poy. Soc, A, 1931, 133, 438; iWd., X931, 277; itid„ 

X932, 136. 487, 

• Pohl, Pfoc, Physio. Soo., 1937, 49 (extra number), i. 

** Unpublished espertmonts by Dr. G. W. W. Stevens, sec also Phot^ /., 1942. 
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by an fk'ctron jumping* from tho Um to the nloni. Ik‘oauhe of the wavo- 
niecluinituil " inning elkn:! “ no activalion fMler#^y is reijiiircfl for this 
proct^ss; n aloiii may llms Ixs as mobile ns an electron in tho 

c<»ti<Iuctioii levels. 'Plie haloi;e*' atom may In* tiappisl, however, by 
ixtlariiiin^ the surroundinii? lalti<*e and Uius " <li^jj(inR ils own hole '* in the 
way deM’ribed by Mol I,'* h'or this pmeev. lo oceur, the aloin luus to remain 
statumary hir alKiiit co " wsxnids, II is de.ir lluil lliLs hif»h mobility <»f 
bromine atoms would make latenl itna;u* lonnalion Impossible (see Section 
lUrt). niilesH tho bromine is nnnoved Irom lli<‘ 

I'his w>nsid(*ration, ImwevtM*, is not conclusive. The musou is lluit 
even if an eU'Ctric field attratUs a bromine atom, the movement of tho 
atom towards tli<* srmroo o£ that iicld is a dilJti.sion procesti. 'rUiis, if a 
bromine ntoiu wore formed insitlo tlm lattice, there is a very high chance 
of llio atom touching the surface ot the crystal when it w'ould combine 
with tlm surrounding gelatine, lieton^ it could attack the growing latent 
imago 8j)eck. From this point of view I lion, we would have to say that 
tho longer wavoloiigtlis of light arc certainly absorboci by more l<K)scly 
bounil ions, but Llint these ions may etpially well be situatwl on iiitenial 
cracks an<l impcTfections as cm the true geometrical surfacc^s of the ciystaJ. 

(3) Klectrona Irom OoUoldal Silver.^ 'fhe ailloiilal silver lormed 
in silver lialidcs by the small ex]K>»ure to light umwsary to Conn a latent 
image is itself ca^uablc of absorbing light and was, in fact, discovered by 
the discoloration so prcxluctsl in tlio crystals.’® Tlio absorption of light 
He]inrates an eh‘ctn»n from tlui speck of silver so os to bocoine a free electron 
in tlio silver luilide lattice: it is lifted in energy from the levels in tho 
spook into the coiiibiction levels of silver halide. 'Ihe limiting wavo- 
longtli of this iniornal phnto-clectric otfcct would, if it wore well defined, 
give the energy iliflorenco Iwtweon those levels. Since this is not the case, 
it lias iK'on concluded that the electron levels in a colloidal speck of silver 
are lower, the larger the sjiock, which is only another ^vay of saying that 
a larger si^cck is inoro stable than a smaller one.’® A veiy small speck 
might lose electrons into tho conduction levels of silver liaJido by tliemial 
agitation energy, and i£ the oloctrons so lost are trap])cd somewhere else 
iiiwl do not retuni, tlw s^xHik‘would disintegrate by an ionic jinjcess lo be 
(lisi?usso<l l>clow* If single crystals arc illuininated 1)y monoelm^matic 
light in the silver a1)Hori)iion baud, absorption in that part of the band 
wldc*.h is near to the wav<*length used coast's, while iluii in llic ])arts of the 
Imud further away from llnit wnvelengtli a»ulinues. This is furtlu'r 
juMtilioilton for aksumtng tlmt the ^)a^Uck^s causing tho absorption baiul 
are not hoiuogeiieoiiH and, in fntd, ol colloidal nature and of varying sijse.’* 

(4) llorschol KflTect. A similar oilect occtirs in ])liotograohlo emul¬ 
sions in which, uiultiT suitable conrlitioUH, illumination with red light eauses 
a bleaching of n latent image protluoed, say, by blue light. This ell(H;t is 
iu)w known as ilonichel eliecl (although tlio (dh'cL originally demuribed by 
HersnUd rehtrs to tin* print-ont, not the laUmt imago). TJus wavelength 
distribution of Uio IferHchol etlect correspotids qiule closely to tlie silver 
alYBor()tiou band in uilvor lialido crystals,’^ and stiiquirls the view that ttic 
particles causing the absoriitlon iii single crystals arc idoniical with Uio 
photographic latent image. 

(c) Ionic Processes. 

At normal temperaturoa, silver halidos exhibit electric conductivity, 
even in the dark.* Tho carrien* o£ a current passing through a crystal 

WMott, Proe, Sec., 1938, 50, 18O. 

1* Hilsch and X®o£l, Z* PhyHh» 1930, thb 60C. 

wLClilo, Naehr. Ges. Wiss. Omingen, Math. Kl., If, 1933 , P* 5*711 see 
also do Electron Bmiesion and Absorption Phenofuena, Cambridge, i935» 
p. 299* 

Carroll and Kretbhmaa, 7 lur. Stand* /. JSaa., X933, 10, 449 ; Borlolt and 
King, Z, Physihi 1934, 89# 779 * 
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under these conditions are silver ions, niovuiR by means of two dilfereui 
mechanisms (as illustrated in b'ig. 2). 

(1) Interstitial Ions.—In tliormal (^uilibrium some of tl]o silver ions 
can be shown to occupy intersiitial iwaitious in the centre ot the unit cube 
of the Hlnicluro.'* In (h(*se positions they arc mobile, althouf^h reiiuiring 
a certain ?ictivation etiergy (8200 cal./mol. for AgHr, O500 cal./mol. for 
AgCl). The energy of formation of interstitial silver ions is 20,200 cal./moL 
for AgBf, hnd 25,000 cal./mol. for AgC'I. Their concentration is given by 
a formula of the typo - (^o c and is of tlie order of 10 “• for AgBr 

and XO-® for AgCl at rtKm ttMuiwralurc.*® 

ft is of interest to see how cpiickly the concentration of interstitial ions 
is formed'at room ieinperatiirc, a.ssnniing that we start from a crystal 
containing no interstitial ions at all. Tlu? probability that a certain ion 
goes into an inlcrstitiai i)asitiou during time d^ is 

and that a fraction C out of a total uJb N ions goes into these positions is 
p =NCp'^ 


Fig, 2.—^Movement 
of silver ions in 
a silver bromide 
crystal. In moch- ** 
anism 1 and 2, 
ions move into 
new iniorstitial ^ 
positions; in 3 on ^ 
ion movos from 
a normal position 
into a hole Q, er 
into anotnSr 
normal position. 


^ a* ^ 

er Ag ftp 

\ 

Ag er ^ 


6 r Ag Op 


AQ er AO 


Bp 

er 

ap 


Tho data above enable this equation to l)e evalxiated, the only unknown 
factor being A, which is of the order of tho molccul^ vibrations in tho 
crystal and, according to Moit,i’ between io‘® and io«, tho lower value 
being more likely. 

Evaluation gives for T ^ 293® K, AgBr : df oc io“» to ro^* seconds, 
according to wliethcr the lower or the higher value of 2! is xisod, and simi¬ 
larly AgCl: df <sc 2 X 10* to 2 X seconds, 

(2) Holes,—The hole left in the structure by tine movement of on ion 
to an interstitial pasition also lias a certain mobility, the mechanism here 
being a roplac^nont: a neighbouring ion jumps into the hole, leaving a 
hole at the place whence it came.^* The activation energy for this process 
is of the same ordea: of magnitude as that of the movement of tho inter¬ 
stitial ions. The holes and interstitial ions thus contribute nearly the 
same amount to the electrolytic conductivity. 

The concentration of interstitial ions in a particular cxystal may be 
induenced by two factors. The presence of Impurities inight produce 
surplus interstitial ions or holes, the concentration of which would not 
depend on temperature. Secondly, the crystal inight not be in thermal 
equilibrium. That means that a crystal at low temperature may contain 

Jest, Trans, Faraday See., 1938, 34» 860 ; Koch and Wagner, Z, physih* 
Chamis jB, 1937,38, 295. 

Boig, I^oc, Foy, Soc, At 1940 * *74f 539* 

Mott, private communication; see also rel^. 
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a concentration of interstitial silver ioas or holes corrcspomling to (xiuili- 
brium at a higher temperature.’* 

III. Latent Image Formation. 

(а) Mechanism. 

We have seen that nbsni7>tioii ol light in a silver luUide crystal lilwatoH 
pli<»to-(de<'tronH at vanoiis placets all over the crystal, and that the crystal 
always contains mobile silver ions. I low ciiu tlwsio facts bo used to account 
lor tfie lindiiij* that metallic silver is eventually lomitHl at one or two siiocks 
on or in the cr)rhtnl ? 

It 1ms been dcmonslratcsl tliat photographic emuJ.sioiiH are very in¬ 
sensitive to light, unless certain im])urilios wore present during the niaiiu- 
lacturc ol the enmlsiou. It was suggested tliat these impurities serve 
as nucleating centres for tlie latent imago silver; the cesntres were found 
to be chemically well defined and to consist as a rule of silver sulphidc.i* 
Gurney and Mott' have iwsuiuefl tliat thc‘SO “ sensitivity spcck.s act by 
trapping the photo-electrons. Tliey will thus become negatively cliargcd 
and attract the mobile inler.stitial silver ions, which become dischargcHl 
on tlie speck. In this wjiy, a speck of metallic silver attaclws itself to the 
silvi^r sulpliide 8pc*ck. 

I'lie liasic aH.sumpljon, tlicn, is that the electron, levels in tlie silver 
sulpliide s|>cck are lower tlmn the conduction levels of silver halido, so that 
an electron, on hitting tlie speck, can reach a state of lower oner^ (Ifig. i). 
This HuggOKiion has not so far boon conikmed experimentally. Jt is lilmly* 
and has, hi fact, lieon demonstrated,^” that silver sulphide is not the only 
impurliv whidi is effective as an electron trap. Probably all sorts of 
mechanical imperfections, as well as other chemical impurities, ran act as 
traps. This would seem to be dear from the fact that latent image silver 
can also be formed in the interior of the photographic gnvins ”” where a 
normal dovdopor does not roadi and wlierc seusilivity s|>rckH do not, as a 
rule, appear to exist (see Section life). 

(б) Size of Latent Image. 

Jt is commonly a.s.4umed tliat a silver S])ock has tf> l>e alxive a certain 
size in order to induce devoloi>meii1. 'flic size of a latent image siieck Iww, 
liowcver, never Ik'Oii <lctormhuHi directly. All tlM‘ calculations on the 
amount of silver ri^iuired to make a grain doveloi»iblo were made on a 
Riatisiioal Imsis, ohMimiiig a r.ortain qmintitm oipuvoJciico. For dir<*cl 
photolysis, U\ lor printIng-oul, a t|uantuin eJndoncy of the order ol i •<> has 
iimi iouiid.** f'ertaiii iip]>er mid lower limits can be obUlucHlin lliis wiy. 
Other calculations are basccl on tlie stuipcs of the toe of the cliamderistic 
curve *• c<»nttilnlng, in many cohos, tacit aiul imwamuitcHl sissumptions on 
tlie mechanism oi latent image formation and growth. Shqi]iar<l ”” lias 
given a coiuprdumhi vo review of the (Question, and conduclcH tliat in certain 
cases at the threshold one ciuautum, quite often a fiw, and on the average 
(density of i) a few huudrou, and soinotiuics scveniJl thousand quanta have 

Svedborg, Phot. /., 1022, 62, 310,* Khoppard, Colhid SytnposUm Mono^ttph, 
New York, io»3» p* 340. 

Sheppard, I^hot. y., 1025, 6 $. 380, 

(a) jLtppo-Omxnor, Kouoidchoniie und PhotographUt and od., Stcinkopd, 
Dresden, roax; (6) Kempf, Z* wiss. Phot., XQ37, p. 235 ; (c) Btag, Marriai^, 
Stovena, Phot. lost, Si, 413. 

^ Bggort anul Noodadc, Physih, 1923, ao, agg. 

^ S^bexg, Z* wtss. PHot.t rgao, 20* 36; Svedburg and Andorhon, Phot. 
XQ2X 6k* 335; SUbeiutoin luid Trivalli, T, Opt. Soc* Amr.^ 1038, a8* 441; 
Silbozstoixi, wid., X94X, zi* 343; Wobb, wid., 1:041, 31* 559; Breoitaao and 
Baxter, Trana. Paradoy Soe,, 1940, 36* 383. 

*• Sheppard, Phot. /„ igsi, 71, 331. 
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to ho abhorbcd by a prain. In IJiChe hi<t<T canrs thore is no need to assume 
that all the silver aRRregates in one Hp(*ck.*s M an rxanipl(‘, sen* the cli« 
cuasion on several coni^K^tinj? sensitivity sfHx:kH b(‘low^ Any Intent image 
tliwry IniH, however, to account for the fact that gniins can bc^ inmlc 
dovelopablo on formation of quite a few silvt'r atoms. In coulnulictioii 
to this conclusion Bavostjanova claitn.s that it is |K)ssible to ** sw '' the 
colloidal silver particles pro^luccd by light in silver luilide rrystals under 
the ultm-microHCO])o. She -works out tlioir diameter to be. of the order of 
looo A. It lias boon suggested, however,■» that Iho particles arc visible 
by a jluoroscciico process: .some of the clectroas relcnsctl when light is 
alisorbod by the s3oitem Bilvi'T-silvor halide drop back into the silver under 
the cinission o£ light. This suggestion has not so iar been investigated 
cxporimentally. 

(c) Size of Sensitivity Speck. 

In order to understand the mechanism of formation of the silver 
sulphide sensitivity specks, it is necessary to give a brie/ aiul very much 
simplified description of emulsion making.•• TliLs takes place in two 
principal stages. In tlio precipitation and ripening stage, alkali halide 
and silver nitrate solntions are mixed, and the nearly insoluble silver 
halide is precipitated. On continued Ixeating in the solution containing 
surplus lialido ions acting as a silver halide solvent, the larger crystals grow 
at the expense of the smaller ones, a process known as Ostwnld ripening. 
In this stage, certain organic compounds normally present in the gelatine 
and containing labile sulphur molecules form adsorption complexes with 
the silver halide.*’ At the end of tliis process, wo are left with a range of 
grains of varying size, having atiachod to their surfaces randomly dLstri- 
Dutod molecules of the adsorjrtion complex, Wc liavc no conipeliing 
reason to assume that these molecules are distributed in any other way, 
although the formation of flensltiscr molecules is sometimes regarded as 
an autocatalytic reaction.** After washing and conscciuent removal of 
any surplus halide ions, the emulsion is usually subjected to tlio second 
stage of heat treatment, known as digestion. Here, because the solvent 
halide ions are now ab^t, no more grain growth takes place, but the 
adsorption complexes already present, and any others wliich might be 
formed during digestion, are now reduced to silver sulphide, tbe more 
completely the longer the heat treatment. The random distribution of 
adsorption complexes leads to a random distribution of silv^ sulphide, 
molooulos, in which the chance of getting aggregates of a cexl^un size * 
follows a modified I’oisson distribution. A relatively large total of adsorbed 
molecules is required to ensure that one chance aggregate of only a lew 
silver sulphide molecules bo formed per grain. !Rrom hguros by Sheppard *• 
on the amount of sonsitiser nocossiury to produce optimum Hcnsitisation, 
the size of a sensitivity speck is then of the order of xo molecules.** It is 
likely that Sheppard^s figures are on the high side, since they may include 
complox moleomos not yet reduced to silver sulphide. The figure of lo 
molecules may thus be regarded as an upper limit. 

As digestion time is incroased beyond the optimum two effects are 
observed.** First, the sensitivity of the emulsioa drops. This may be 
due to the formation of more than one of the optimum size specks on some 
of the grains; competition between these reduces the sensitivity,** 
Secondly, the log value rises, i.s. there is an increasing number of grains, 

Savostjanova, o* Congrh International de Photographies Paris, 1935, p. 94.. 

** Bozg, Trans, Faraday 193S, 34, 8S9, 

*' See Carroll and Hubbard, Bur, Stand, J, Researcht X93X, 7, 219. 

■’ Sheppard and Hudson, J, Anter, Chm, 5oc., 19*7, 49» 

** Unpublished calculations by the author. 

** Sheppard, Phot, J,, 1028, 52, 397 ; also Sheppard, TrivoUi and Loveland, 
J, Pranhm Inst,, 200,'5Z. 
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which develop without exposure* 'I'liis may l>e duo to the ionnatioxi of 
ovorsiz(Hl specks of silver sulphide which can, by Ihcmscives, induce 
tlevclo])iiK'nt. The lucreaso m Ic)** ilscdl also causes a (hop in speed, but 
C'tUroll and Hubbard luive shown thal the two etiects jih menlioned aro 
of dilfereni naluics We thus aiti\e at tin* eoii< lustoii that a slif( 1 ii mereaso 
111 si/e ol ilu' silvei sulplude spevk will tianslojm an optimum speck into 
a " iof» spt*ck,*’ III oid<M' to uiukustand tins, it is necessary to assume 
that the ehH'tioiue (uierj^y levels lu the spei k (k»t*peii rapidly with iuereasmi? 
size ol the hptH,‘k, Aecorclii( to the oin^iiial lotiea'plioiLs ot Gurney and 
Alott,' development occuis if the levels ol log specks are lowei'tlmu those 

ot the develoj[xsr, 
while those of the 
opiimiun uize liave 
their lovela just 
above the de- 
vcloi>cr levels (Fig* 
The levels in 
a sp(»ck smaller 
than the optimum 
si/e are so near to 
the silver halide 

Fig 3* -Electron levels in silver halide, wmsitivity speck, 

laU*nt image, solid silver, and devolopor, (Illustrating speck 

Section JV«). iomu a very In- 

olhcleiit electron 
trap. 

Thus we arrive at tha conception of a sensitivity speck of reasonably 
small tdze which is comparable with the amount of latent imago which might 
collect on it. A large amouni: of sensitising substance is required to form 
one optimum size speck by a process of chance aggregation. A tog speck 
is only slightly bigger than one of optimum size; thus a slight increase in 
digestion will transform the latter into the former. It is felt that this con- 
usption of the sensitivity speck gets over tlie dilficulty felt formerly when 
it was assumed ** that all tlio acnsiiiser re<|uired per grain Cor optimum 
bonsitisation went to make perliajis a single sensitiviiy speck, wldch would 
bo o£ the order of ro» times as large as tlie latent imago h|wck. 



(d) Eloctric Capacity of Sensitivity and Latent Imago Specks. 


I<br more d^'tjulcd consideml ions of latent image formation as become 
nect‘ssary when treating pnibleins like muprocity failure, it is of inlerosi 
to know liow many 


electrons (uui stay 
ou a Mcnsitiviiy or 
a latent image 
silver six^ck at Lhe 
some time, or how 
many electrons are 
likdy to get into 
a speck under 
normal exposure 
conditions. There 
are two eilocts to 
bo taken into. 


N(i* (it 
Molftuks. 
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account* Firstly, 

an eloctric charge raises tho potential ol the speck so that further eloctric 
charges ore repelled. Soconclly, the waJls of tlie potential box ** con- 


* Coniparo Soctiem tV. The moclumiam of dovdopmeni suggested in that 
aoctam diJtlerb from the ono Impliocl here ; in both cases, howovor, a larger m^nsi- 
tivity speck would cause a grain to dovolop as fog gramwithout oxiiosuro* 
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stituting our Hpcck become tliinnor. Tliiw an electron has a better chance 
of escaping from the charged speck, since it lias a definite prolmbility of 
penetrating a potential barrier, oven il its energy is not sullicient to sur¬ 
mount this btirricr (tunnel elltH-'t). The second ellect is not easily treated 
quantitatively. The rise* in ])ot<‘ntial oC a spet'k is rcailily estimated, 
however, md has been worked out under the assunijHioii tlial the specks 
are s])herical and emlieddod in a dielectric oL constant k 14 . The 
potential on the surlace ol a sphere is given by P nelkli. I^'or the data 
in the table, llie radius ol the sphere was so choHon that tlio volume of 
the sphere is bleu tic al with tliat occupied by the numlier of mohsmlos in 
the normal crystal structure. 

Even assuming tliat the sensitivity speck amsists of io,o<k) inoleculos, 
we find that a single electron charges it up to a voltage which requires an 
energy coiLsiderably in excess of average thermal energy to sunnount 
(3/2k/’ OC 0-040V). Wo bc'o that it is very unlikely for more Ilian a single 
electron to bo found on the sensitivity or the latent image speck at the 
same time. 


IV. Development. 

No clear picture o( the inechanism of development is considered to 
have been presented so far. In considcri^ the process of reduction of 
silver halide to metallic silver and halogen ions which constitutes develop¬ 
ment, the main cjuestion is : Wliich factor distinguishes the exposed 
from the unexposed silver halide grains ? All reliable evidence points to 
the suggastiou tliat this factor is tlio presence or absence of the small 
silver speck, the formation of which wo have considered in the previous 
sections. Whether tills is correct or not, tlio latent image is, by definition, 
nothing but this distinguishing factor. 

In 8^ considerations involving chemical processes, in our cose develop¬ 
ment, a sharp division must be drawn between fcaturos which will enable 
one to decide in wliich direction a possible reaction will go, and those which 
will merely infiuenco the rate at which tlio reaction proceeds. Earlier 
workers regarded development as a reversible reaction In tliemio-dyiiaimc 
equilibrium : liero pure energy considerations were made to account for 
the distinction a developer mokes between exposed and unexposed grains. 
Present views regard this distinction as a difieronco in the ra'te of devolop- 
inciit. We shnll <leal with both points of view in turn, and try to evolve 
a mechanism that accounts for the known facta, realising that our 
knowledge Is at present insuJficiont to decide whether any of the mechanisms 
so far suggested is correct. We hIulU be able, however, to exclude certain 
processes wluch have lately been suggested. 

(a) Energy Balance. 

Sheppard and Mces already in 1Q07 suggested many of the viowB 
which aro still being held on the processes involved in development, and 
reference should bo had to their book also for earlier work. Hicy amsidet 
that under certain conditions, development may be regarded as a reversible 
reaction in thermodynamic equilibrium. Careful experiments by Rdnders^^ 
ImvQ shown this to be correct under certain circumstances. In thermo¬ 
dynamic equilibrium, a solution to bo able to act as a developer must have 
a redox potential lying between two well-defined limits.* If the redox 

Sheppard and Moca, Theory of the PJtotogrctphic Process, Longmans, London, 

1907. 

Roindors, /, Physic, Chern,, 1934, 38* 

* The redox potential measures llie reducing or oxidising power of a system, 
when the reaction is assuiuod to proceed in a reversible way, as in a galvanic cell. 
It may be doscrlbcil as tlio tendency of setting up a double layer on a metal 
eloctnalo, and doflnetl P ^ Cjn log. Ox/Ko -f where Ox is the concentra¬ 
tion of the oxidised, lie that of tlic reduclxig ions, and Eq the electrical potential, 
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polenlUl is t<K> hi^(h. ilie solution acts as an oxj(lis(T aiul dissolves the 
lateid iina<^c, il ioo low, even the uticxiK>secl f*iaiiis arc dovcloi^od. IWuders 
discussed Ihc process on a ii\odc*l in which the silver halide wis iussumod to 
be (lissolv(sl and the remdion to take j)lnre in sfjiutum, in accordance 'ivith 
live sn|U‘rrfi(ura1ion theory ol dev'cloptiustl.'*** 'PUe supersuluralisl silver 
waild tluMi d('p4>si1 on the* laU'nt ima^e mudei, Iteinders* eonsideralions 
are walid only under these assuiuidiems, I)ev(»loi)nu»iit does not ustially 
pHKusHl aeconliiif^ t<» those conceptions, since the individual ^rnins are not 
dissolved, but leducetl as eutd 1(^8. 'Phis means thJii the presence or absiMice 
of latent imafjo speck dcH'ules wliotUer a grain is dcveloi>od or not during 
the time the develojmr is xillowwl to act. The* presence of a minute speck 
o£ silver ciimioi alter the oiicargies involved in a r(*actioii or the chemical 
afliiiiticH ; all il can do is to cflts:t the rate of reaction l)y acting as a catalyst. 
Thus, when wc arc dealing with the reduction o£ individual grains, con- 
siduralions involving the redox |K)tcntial cannot toll u,s anytliing concern¬ 
ing the discrimimition a developer makes l>etweon exixwcd and imex])o.sed 
grains, but only whether silver halide will be rcHluce<l or not in thermo¬ 
dynamic eciuiUbriuui, 

This will Ikj clearer if wc consider redox jxdential in terms of elc<ilron 
levels. We can say qualitatively that a developer is a solution sup])lying 
clwtrcins at a certain pressure which wo can denote l>y an electron level, 
which is high, il the pressure is liigh, i,e, if the redox potential Is low (Fig. 3). 
1£ the solution Is bnmght into contact with a system, which itsoll can be 
(loscrilxKl by an eloclrnn pressure, thou electrons will how in the direction 
from the higher level to the lower. Solid silver, the reduction ]TOduct of 
silver lialidcs, can .supply electrons at a certain pressure; reduction of 
sUvor lialido occurs if ‘we reaction is given time, if the developer level is 
above tliat of solid silver (I in Fig. 3). A small speck (d silver proaumably 
has higher levels tluin a big speck; in Jdg. 3 a latent image Hi>ock would 
be dissolved, oxidised by a solution with levels at 1 , All tlie same, the 
grain would bo reduced in the long run by I : tJiere is a very small prob¬ 
ability tliat a local oloctron pressure liiglicr than the average will be sot 
up vMuificieut to start the reduction process. Once n solid speck o£ metal is 
formed, tlio reaction will proceed to completion. A solution with its levels 
at IJ will not, on the average, oxidise the latent image and can initiate tlm 
redm^tioii ]*rocess at once, which il cannot do on a gmiti withotit a latent 
image sj)o<'.k. ft is likely tliat a grain is reduced immediately if a dtwedopor 
cim Huiqdy elocti’ons into the <K)ii(lue,tion lovols ot silver halide. 'Plus 
dilieroncein energy Injtwmi the coudtictiou h'vels anil a solid silv(*r electnulo 
com*Mjx>ncls to an actlvatitni oiu^gy whi<;h luis to ha overemuo iii order to 
initiate devtdopiuciit in an unexpowKl grain if a <lev(»lo|K>r like I is used; 
an oxpoHtHl grain dillers from an unox]H>hed one by the existence on its 
Hurfneo of a catalyst increasing the rate of nsiction, Wc shall swj Inflow 
that other surface crmditiotis contrihuto to, or ixwsibly play a decisive 
part, in tlio activation ouergy involved, but note that tliwo appotu's to bo 
aomo justiftcation in Reinders' contention, tliat tlie rate of development 
must bo influouced by tho rcxlnx potential of the develoj)t*r. Under usual 
conditions of devdopmont, tho redox potential is consl<Iorably Ixdow that 
necessary to reduce silver halldo; as a consoiiuonco, unexposed but un¬ 
protected silver halide crystals are reduced immediately,^ ^Pho protection 
of the gmUas is alorded by the surrounding gelatine, as will be discussed 
under (03) below. In nonrual development, wo never give the system time 
to reac^ equhibrinm, and the reaction is not always reversible. In con¬ 
sidering the mechanism ol development, we thus get little help from 

usually measured against a standard hydrogen olocirode, when Ox Re ; fi is 
tho dluercmco in tho charge of the iona between the reducing and tho oxidisod 
form. 

** Abegg, Arch, wiis. Phot,, J8qg, i, 13 : also ref,*. 

•• Sheppard, Phof. im* d 9 i 330. 
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thermod3aiamics, and have to Icxjk out for factors iiittucncing the mte of 
reaction, 

(b) Mechanism of Development. 

Ex])erinu‘nlH on latent imago dintribuUon show that latent imago is 
sometimes conlainecl inside a grain, where a normal dovolo’fxn* does not 
reach and where it can Iw utuxl to develop tlio remainder of tiie grain, 
after its outer layers have been dls8olvc<l,“® This hading ])recludcs all 
those thcK^rios which regard as a latent imago a change in the conditions 
of the original surface, say the charge of the grain, and the silver formed 
only as an accidental addition which, however, serves as an oOicient con¬ 
densation nucleus for any more silver formed.®* The results on latent 
image distribution are regarded as one of the beat indications so far avail¬ 
able that the latent image consists of localised specks of silver, the others 
being the jiossibility oC physical development after fixation, and the 
devdopmont of iodised grains. In this latter case, the whole of the, say, 
.silver bromide grain bocomas converted into silver iodide, the single 
crystal being changed into a porous pol3rcry»talline mass. Thus, the 
developer can. reach also the internal latent imago, a largo proportion of 
which survives this drastic treatment. 

Wo shall consider two distinct processes by which the preferential 
reduction of silver halide grains carrying a latent image silver speck may 
proceed. In botli models, development is regarded as a heterogenous 
chemical reaction, whicli is catalysed by Uio presence of the latent imago so 
as to proceed at a higher rate.** Ckartaiu experimental facta on develop¬ 
ment are so important in this connection that we shall list them below. 

The development of an individual grain can l>c divided into two periods, 
a period of induction, when no visible change occurs, and a period of visible 
reduction. Once this second period has begun, development procccils at 
roughly the same rate for any one developer. Individual gram differ in 
the main by the length of the induction p^od.®* 

This .statement does not imply that the curve in which density is 
plotted ognixist time of development, necessarily shows an induction 
period. It has been shown that an induction period occurs only with 
those developers in which the reducing chemical occurs in ionic form. 
With neutral developing molecules, the density-time curve goes straight 
through the origin, where the slope is gpreatost.®’^ 

The rate of uer^opmont of oxposea grains can bo infLuencod consider¬ 
ably by impuritieSi as for example, certain dyes, which are probably 
adsorb^ by the grain surfaces.®® 

Developed silver occurs as a rule in the form of a tangled mass of 
ribbon-Uko fllnmenis,®® giving the overwhclxning impression that tho 
silver filament is formed by ejection from tho silver broz^e Gr3rstal/' *® 

(1) Electrolytic Mechaniam of Development^^— Gtoney and Mott ^ had 
suggested a mechanism of development, which forecasts production of 
silver ribbons. Tho latent hnage was regarded as an electrode which 
accepts deotrons from the developer and then attracts interstitial ions 
from the silver halide lattice, in amuogy to the mechanism of latent image 
formation. In this way, the original latent image is pushed out Jhom the 
grain by the new silver lonning underneath in the form of a thread. Many 

** See, e,g,, Schwarz, JPhot. I<orr„ 1933, 69, 27. 

®® Volmer, Z, wiss. Phot., 1920-21,20, 189. 

®® See Mcidinger, in Hay's Hdb. d. Photographis, Voh V, p. 271, Wien, 1932. 

Jamea, J. Physic. Chem., 1939> 43 i 701. 

®® Sec James and Komfold, Chem. Rw., X942, go, 1. 

®® Schefier, Brit. J. Phot., 1907, 54, xi6, 23X ; Hall and Schoon, /. Opt. Soe. 
Amer., 1941, 31, 281. 

*® Moos, ScUftt. Monthly, Oct., 1942, p. 293 1 Nature, 1942, tgo, 720. 
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objections have l>ei*n raised to this rouception,*’. ** aocordinfr to which the 
rate of (Icvelopineiit is liiniletl by the rate of fnrinatioiiol fresh Interstitial 
ions. It was shown in S<*rtion h (r) (i) tluit the rate of formation of new 
ions is iiineh too slow to aenmnt ior f lie normal rate ot development. 

This model ran be modihetl, howt*ver, so that the rale of development 
can be accounted for ; the n(»w IwjiotheliiMl picture Inis not been chisiktHl 
with rxperieiK'is linai’ine a laltsd iina«e spe<*k rjiarj^tnl to eapanty by 
electrons lioin the tlevcloper. !''irst ol all the mobile interstitial ions will 
f*() Uf) to the speck au<l diseluiff»e some of the electrons. This will take 
of the order of lo ** seconds.*® because of tlie slow mie ol (onnation of 


new interstitial ions, tliib process soon comes to aii end, certainly with 
silver chloride grains, A dillerent mechanism now conu^s into play. The 
field set up by tlio cliargod and by now soniewliat enlarged latent imago 
will pull out some of the neansst silvt'r ions Jniin the lattice. The heat 
produced in development will assist in this tirocinw. The lioles so formed 
will be ** rej)elk'd " by Die eharged silver speck and the holes near Die 
latent image will be filled up bv neighbouring silver ions (II {c) (i). Thus 
the proc(*ss «in be repeatc<l. The liol<‘s will accmimlnte on Die parts of 
the cry.stal removed fnnii the growing silver s|HH'.k, in other words, there 
will acminuilate cm Die surftice a surplus of bromine ions, which are taken 


up by the water surrounding the grain. It will be seen that Diis pn>ccss 
I amounts to a dis- 
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Fig. 4 ■—h-lectrolytic mechanism of diwelopmtMil, 
fj orcj 2)laces wlu're f ions lUd missing. 
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dcierminod by any 
considemtioiiH 011 


the lattice and oDmt energi<»s involved : a breakdown of the silver lialidc 
hinictitro is an eHseniial fwiture of development, whatever the meclumism. 
Tho activation energy inwdveil in the movemevnt of the holes is i|uilo 
small and c^umot Iherefon* constitute the determining factor, 'Pile mte of 
development is proliably determined by live surface couditioiiH of tho 
grain, as (HhcussikI below. 1 n the proo(‘ss huggi*sted here, silver is deposited 
on tlxe side, of Du> original latent linagt* JLiw 4 ng Dw silver ludldo crystal; 
tho latent image ami any silver formed jn’evious to Die time couHuUrrcd 
-vrill at any moment be pushed out of Hu» body of the crystal in lh <5 tomi 
ot a ihrofwl. 'Hio jirocc^ss is illustrated In h'ig. 4. 

It is obvious to suggest that the second stage of development will sot 
in only if the silver s])eck has reached a certain crltic4xl sisc as Die result 
of the drat stogOi although no valid jiistificatiou can, at iimsent, bo given 
for this a9suin]^on. If the aasumiition is mode, liowcvex, several hitherto 
puseding features of development can be accounte<l for, some of which are 
discusBod below. 

IndnctioiL Period.—On our model, tho induction period in the doveloj)- 
me&t of a single grain occurs because in tho first sta^ of development the 
Bilveir speck does not necessarily grow to the full sise necossary to ioitiato 
the second stage, simply by using up sdl the intorstitUi] ious originally 
present. Thus there is a Dme interval during which the silver spock grows 
slowly at the rata at which fresh interstitial ions axe formocl, unril tho 
critic^ sise is reache<l when tho second, more rapid stage of reduction sots 



W. F, BERG 


127 

in, Romer has suggastcci that the length oC the induction period is a 
decreasing function of the size of the original latent imago sp^k. 

It should bo pointcKl out, however, that the induction period may be 
accounted for in several otlicr ways, h'or examiile,®® the rate of an auto- 
catalytic reaction will at first increase with tile amount of catalyst pros<*nt, 
and will, on the whole, be S-Hliai>ecl. The induction period may tliereforo 
be nothing but the initially slow rise of the refiction curve. On this swxre, 
there is therefore no need to assume the existence of two sc])aratc processes 
in devolojiinent. T.K'itent image specks buried in the silver halide would 
also cause a genuine induction period : it would take some time for the 
solvent action of the devcioper to dissolve the silver halide layer covering 
the latent image. This consideration shows that investigationH on the 
kinetics of development should not be carried out using a developer 
containing silver halide solvents. 

Sensitivity of Large Grains.—A large grain containing a single 
sensitivity speck will be more sensitive than a small one, not only because 
of its larger target area to light, but also because it contains a larger total 
number of interstitial ions tf) begin with. Thus, tho latent.image speck 
can grow to the critical size for tho second stage with a smaller original 
latent image hp<‘ck than would a speck atiached to a smaller grain ; the 
rate of reduction bc^comes suliiciently high to cause the grain to bo reiluced 
bclorc dovelopimmt is intcmiptod. 

lodo-bromide Emulsions.—It is a well-known fact that the sensitivity 
to light of an ioclo-bromide emulsion is considerably higher tliaii would bo 
expend merely Iroin the cliange in s])ectral abBor]>tion. There ap]'>enT to 
be two iK)ssiblc rcasoas for this increase in sensitivity. First, tlie number 
of interstitial ions may increase if an im])urity as, for instance, silver 
iodide is added to a pure silver halide crystivl. Thus, in tho first stage of 
dovelopinont a s|>Gck will grow to a larger size, in an iodo-bromido grain. 
Soconclly, the distortion of tho structure by the iodine ions is very likely 
to lead to a loosening up of the structure, so that fresli interstitial ions arc 
formed more rapidly. 'Pirns, there seems to bo gciotl reason to assume that 
a speck sufficient to initiate tho second stage of development can l‘>o 
obtained from a relatively small original latent imago speck for an iodo- 
bromido grain. 

( 2 ) Development: an Interface Oatalyeed Reaction. — James and 
Komicldliavc pointed out that development may not bo os mysterious 
a jirocoss as is often made out; it falls into tho general class of hetero- 
genenus reaclions, catalysofl by tho of one of tho reaction pro¬ 

ducts, •• and occurring at tl\e boundaiy where the throe components, vtjg. 
silver lialide, metallic silver, and developer, meet. Tho tdlvor ions in tho 
silver lialide are regarded as being " adsorbed ** to tho silver, this adsorp¬ 
tion beiug tlie essential preliminary for the metallic silver ti> bo able to 
catalyse iho reason, Ls. to increase the rate of reaction by lowering tlie 
activation energy rcciuired. 1'he reaction is assumed to jmceod eJoiig 
cracks and flaws of tho silver halide, the silver being produced in tho form of 
filaments for that reason. 

In spite of many virtues of this conception, the explanation of the form 
of the developed ^ver is not very satisfactory; it would be surprising if 
cracks and fil^ur^ were present in sufiSiciont regularity to account for the 
even threads formed,*® On this conception one would rather expect to 
find sheets of developed silver. Exp^ments on crystal growth may, 
however, accoimt for the shape of the developed silver. We have to 
consider that the sides of the latent image and of the developing silver 
facing tho surrounding gelatin may be contaminated so as to stop the 
growth of the single crystal of silver the thread most likely represents. 
Growth may occur only on the fresh faces, along which freshly formed 

*1 Roraor, Prsfitnysl Chemiegny, 1934, 533 * 
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silver atoms arc probably tpiilc mobile for a short space of time.*® The 
new silver atoms, even if formed on the edf^e of the silvc?r, may Urns aliach 
tlu'inst'Ives anywhere <m the silver-silver hali<lo interface. There is thus 
no niM'd to assmnt' a movement of the triple interface, where reaction <»crurH, 
iu particular when the possibility is consi(U*nMl that hy the process dis- 
ciisse<l in S<T.tiou H (r) (i) the " ludes ” fonuedhy the riHluctlon ol surtacc 
silver ions may la* lilltHl up rapidly by ions from within the crystal. 

( 3 ) Rato of Dovclopmont .*--1 Mioto(*rapliic. (^nnilsions are usually ]irepared 
iu the prt»senci‘of a surplus of liidof;eii ions, so that the grain surface's carry 
a sfoichionielric sundus of m»gative ions, 'Phis sur]»luH is neutralised elec- 
Iriciilly hy adsorhcHl positive ions ; t he grains t has carry an t*lccl rica I double, 
layer, nogalives side iiiwanLs, the ellect of which is to hiiuler negative ions 
ill the solution, or clwtrons in reaching the silver halide.®’ Gelatin also 
appears to become adsorlxsl to the snrlaces of the grains.®® l^itli types of 
protective layers tJuis retard <Ievelopmen< of gniins. The increase in the 
rate of (lrvelo]imeni bnnighl about by the presence of the latent image 
can be oonsidercHl as diu‘ to a weakening of these in-otective layers by the 
latent image silver: on one view, the increase in reaction rate* by silver 
allows reaction to occur wht‘ii contact Ixitwecn develoiwr molecules and 
silver ions at llu' triple iiiteriace is of short duration ; on the otiujr, the 
silver acts as an eUsdnxlo accepting electrons, conducting them through 
the protective layers to the silver ions underneath. It will l)c seen tliat 
tlicso two views an' not as divergent as nuiy ap])car at first sight; on both 
Uie condition of the surface of the grain and the latent image silver plays 
a big part in determining the rate of rcactiou, both by Tnecluinical and 
olcctrical inliibitiun. It must be realised i(X), tliai the double layer 
covering tho silver and that covering the silver halide are intimately 
coxinecto<l and probably iu ofiuillbriuni: anything we do to one, say by 
increasing tho bromide ion concentration resulting in a slrongtlicuing of 
tho layer over tho silver halide, will similarly aflcot the other. 1'liis 
coupling must bo particularly cilideut iu view of the niiuutc dimensions 
of tlie latent image comparctl with tho. parent silver luilido crystal; a 
double layer on the crystal clcctricjilly covers also the latent image.*® U 
is for this reason tluit exiierimeuts on the preferential adsorption of sub- 
stances on either silver i>r silver halide can hardly be cjq)ectcd to decide 
iHJtwwm tile two models mider discussion. Kvidence on the adsorption of 
hydnspiiuotK* on .silver ** has been refuted,*® but tlio amounts which would 
l>e oxpe.cted lo be ud,sorlH'<l are within tlm ('xiK'rinumlal errors. 

'Po hiiiii up, we seism to Ik' unable, to dtsutli' between the two mucJuuiisins 
of devxdopiueiit pmpostsl, either by considisralioiis of the. eiu'rgies involved, 
or of tlie factors iulluencing tiie rale of read ion. Per]m|)s it is permissible 
to say that tlie Hcpiirtlng out of the diwcio]UHl silver from Iho silver lialldi' 
as visualised in the eliHstnilytic nuHslmiiism jsroviilos a less forced account 
of tho threadlike apisoarauce of tho dovelopeil silver. 

V. Photographic Effects* 

The usually simultaneous occurronco of electronic and ionic processes in 
the formation of tho latent image manifests itself in various ways. Since 
the time and temperature constants of tlie Iwy) pnjcosses diffex widely, 
foposurcs of dilTcront duration and intonfdty ami obtained at dilleront 
temperatures often give widely differing results; in some cases it has 
been found possible io obtain a certain separation of the processes iu time 
and thus to study them to some extent individually. 

« Volmor, Trens. Fofaday $oc,, 103a, si8, 330- 

*» Gumoy, Ions in SoluHon, Cambridge, 1036. 

** Uftbinovltch, Trans, Faraday Soc., 1038, 34, oio. 

*• Perry, Ballard, Sheppard, /. Amer, Chem, 1941, 63, 2357, 



W. K. IIERG 


130 


(a) Reciprocity Failure. 

The pholo-chcniical rccipr<K*.ify law stales that the same product of 
intensity of liphi and cx])osure time, i X will ])rorluce the same otfcct, 
uo matter what the individual vTilues of / and /. This law holds if the 
reaction constitutes a sin/>le slafje ]>n)ccss and would therefore not bo 
exjK‘c1(Hl to hold (or the ciLse of photography, wlu»re a double stage ])rocess 
is involved. The faiUire of the reci])n)city Law is usually doTUonslratoil in 
a reciprocity failure eurvci, in which the log. exposure nect'ssary to produce 
a constant density on processing is ])lf>tted against the. log. inioiLsity. 
This curve (jfteii exhibits an optiniun), and we speak of low intensity failure 
at intensities lower, and of high intensity failure at iiiiensitics liigher tlrnii 
the o]>limum intensity, although the causes of both operate on cither side 
of tile optimum. 

( 1 ) Low Intensity Failure.—It lias been pointed out already that 
a very small spcHik of silver is unstable, Injcausc its electrons are but loosely 
held. If electrons esctipc, the silver ions thus left on. the speck wrill go 
into the lattice into interstitial ])osiiion8.^ 'fliis dislnLcgration will go on 
also during latent image formation and will cause the pn)ceH8 to be less 
ellicient at low tlian at high ini ensities. Webb and Evans ** deduced 
tliat a latent sub-image speck* is stable when it lias reached about 
half the size necessary to make a grain developable. After stability has 
been reached, the s])eck builds u]) etiually ofliciently at low as at high 
intensities of light. The ratio of the amount of latent sub-image to imago 
specks is generally higher, the higher the intensity of light used. This is 
l^causc at higher intimsitics tlio growing sjiccks quickly and ofliciently 
reach tlic stable size, wJiercas they do so but slowly and incnicicntly at 
low intensities. Thus, as soon os tlio stable size is reached at low intensi¬ 
ties, it will bo built up tr) the latent imago size, making full nsc of all the 
electrons formed. The inofliciency of sub-image formation, tlicn, is the 
cause of low intensity reciprocity failure, as was realised already by 
Weinland.*’ 

( 3 ) Pro- and Post-Exposure—^Tlic fact that the sub-image growth is 
inefficient, that of the subsequent image growth fully efficient is of some 
practical importance. I £ an under-exposed picture is taken at liigh intensi¬ 
ties. tliero will be a large amount oi sub-image present, which normally 
cannot be developed. A low intensity uniform post-exposure will Inring 
the sub-image ui) to the developable size, thus acting as an auxiliary 
method of development/* LI the intensity of the jioBt-exposure is low 
enough, no now sub-image will be £onne<l, and thus no additional fog 
pniduced. In pmctico, this ideal case is often not obtained. The main 
reason probably is that the sub-iniagc is not always absolutely stable, but 
has been found in ct'rtain cases to be subject to fading with time/* Thus 
there is a limit to the exinMime time that can usefully be applied for the 
second ox]>osure, and a cckaiu amount of sub-image and thus latent image 
will always be produced. U should ho tKunted out tlial: the practical result 
obtained will uepoml on the onmlsioii projiorties. 

The eflioct described of adding a short high intensity and a long low 
intensity exposure can also bo used to record an under-exposed low 
intensity picture.** Witli many emulsions a uniform pre-exposure at high 
intensities produces a largo amount of sub-inaage, which is built up to the 
latent image size only in those areas where tlie additional low intensity 
exposure in the picture is sufficiently largo. The second picture exposure 

** Webb and Evans, Phot 1940, 80, 188. 

* A stable speck which is below the size necessary to make a grain devdopablo 
will be designated as a (latontj snb-imoge (speck).* 

Woinland, /. Opt Soc, Afner,, 1927, 15, 337; tgaS, 16, 295. 

** Moore. Piiof. 7.. 1941, 81,27. 

*• UnpublisluKl experiments by Jlcrg and burton. 
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iimst bo jovoii soon after the sciisilisini* exposure, otherwise the sub-ima||e 
n)ay facie JUVc»y. 

Since pc»st-exposine at Icnv intensities may be ref;!ir<lecl inetely ns a 
met hod oi ilevelopiiif' the sul» iin»u*cs it <*nal>les tlie jirowth ol the sub- 
iin.i^»e to !»e traecsi/" This best done by plcdtmi; clensily (above loi*) 

af:;.unst c'X|H>siire (not lof*. e^|v»snle) on a time* sc*al(‘. It yas lound lli.it 
the curve without |>ost-exposure* exhibits a prononinrd ** toe,'* /.c. 
a pcTiod wheie sIoik* incTcsises with exjM)Sure time. A sulliciently post- 
exposed einve, howc'ver, |^oe» tlmiui»h the ori(;in and is straif’lii up to 
<lensitit*s oi the order ol o*.j to 0*3. M it is ])ei*nnssible to rej>ard the f^raiiiK 
forniinf^ deiisitieH near the lhn‘shold to be of one class as to si7.e und sonsi- 
ti\dty, a too on a dc'ii.sity-liine ein*ve jn<*finH tliat the latent density formed 
in an iiitervjd ol time ht depends on the jircvions ex^xisuro : tho too la a 
inanif(*st«tion ol the existence oC the sub-imaKC which lasts for some time, 
influencing the rate* at wliich density increjuscs with time, and tlie cumu- 
lativo growth o£ the latent image. On the other hand, a straight line 
curve indicat<‘s that ihi‘ density increase in ht does not depend on the 
previous ex]io.sure history, but only on the ex|x)sure in 8/. Thus it apiiears 
lliat tho sub-imaRC is not subject to a proct'ss of gradual growth, but is 
fonnecl imtantaneously. 'Phe condition for its formation ap])ecii*s to bo 
that a ceitain nnnimuin imnilwr of cpiaiila is alworbod by the grain in a 
c<*rhtin niaxinniin short interval of time. Rwiprocity failure wnild thou 
tnanifost Hselt as a cliangi* in 8lo]io of the }X)ht-exjHised D-iit curve. The 
iiunilxjr of tpiaiila luicl the time interval rccpiired to form the sub-image 
•will determine tlio rate ol cliange of slo]>o with varying iutonsity. h'or a 
singlc-ciuanium process, as in the case of X-ray exposures, there is no 
reciprocity failure and tlie slope of the D~li\ curve docs not vary with 
intensity,*® 

It is a moot point whether tho instantaneous formation ol tho sub- 
imago demonstrateil me«ias iliat no silver speck Is iormed until a certain 
concentration of electrons is set up ^ or thiil silv«‘r is actually lonnotl os soon 
as any cieclrons are lilierdied, and lliat the sniall speck so pn)ducod 
evaporates very rapidly.** To sum up, we can de«:ribe low intensity 
rcsciprocity failure as Ixnng Iwought atKiut by the necessity of a grain 
alworbing a'certain mtnibcr ol <|uantn within a certain interval of time in 
onler to produce a sub-iuuigi*. ()iu;e the stable sub-image is lormotl, 
further eh^clnms libemUxl by liglil are ii.sod efiioienlly. 

It Ih eh*sir that this pictun* of low inlensity lailure is not ccmiplete. 
Wliat Jinppens to tbe cIih'I rons Ilia I .'ire not made use ol nt lowinfeiiHities ? 
Then^ must be n nuHibniiisin ol nsionibintithin or tra]>i)ing of okHstrous 
wliich so far bos not Inxui sIiuIumI or uiidersiiMHl. 

( 3 ) liiith Intdtielty Rociprodity jy'allute.^ High inlonsfty nssiprocity 
lailun* stKims to bo fairly well understood. At high InUmsitic^s there is no 
difhculiy hi obtaining Hie iiccossiiry mindft*r of (pianta absorlxsl In tho 
critical inicTval of time; hero the linihalion li(*s in tho liinile<l eU>ctric 
capacity of the Honsitivily specks. Tho inovoincnt of electrons is vt»ry 
rapid, •wliilo tho inovomcnt of silver ions takes more time so (Ixat the 
chargiwl sciisitivily speck is not neutralised immediately. While tins state 
pereiistB, any further electrons will bo repelled, so tliai a coucentnvtion of 
electrons is sot up in tho grain. This might have two oflocts : eitlier the 
condition for suli-imago formation as set out alxivo might l)ecomo fulfilled 
for a shallow trap existing in the grain, or the electrons might cause a local 
lattice breakdown and oon8ec[ucnt formation of a silver speck. Which 
of •those aitematives describes tho mechanism correctly, -we do not know. 
The experimental evidence is that at high intensities, latent imago is 
formed inside the grain, the more the higher tho in tensity.**» High mtonBi*ly 
failure is thus characterised by a ch^o in latent imago distribution; 
there is no experimental evidence to suggest that iltc total amount of silver 

»• Glockor and Xraxib, PhyHh, Z,, xoax, 39, 3i|5. 
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fonncd is less at hij»h than at ci])tiniuni intensity. Ft can be shown that 
hif^h intensity taihire occurs in the main in the smiml sta^eot latent inia|:>e 
formation, sub-ima^e lorniatioii not heini' subject to hi|j;h intensity failure, 
as IS eviclencetl hy the findint; that liiffh intensity lailun* can he eliniinnted 
by a low intensity iKwU^xiiosiirc.''* 

( 4 ) Very Hifth intensitlea, - At very hif^h intensities a state of afkiirs 

bhould 1)0 reaches! where the electronic and ionic jirocesses cannot bo 
separated in time any further by sliorLeniut* the exjxisure time : Uio 
electronic princess is ]nacUeally install I aiieous, its first stages liciiig over 
bclorc the ions have Lime to move appreciably, h'rom a certain, time of 
exposure onwanls towards slioilcr times still the process of latent imap^e 
formation will run in. an identical manner : rcci])rocity failure sliould bo 
absent. This has actually been fouinl to be the case. At an cx^xisuro 
time of about 4 x xo -«seconds, the reciprocity failure curve of all materials 
tested bent over into the horizontal.^® '‘i'he position, of the bend-over 
point can be shown to depend on the mobility of the ions which varies 
with temperature as e This is conlirmcrl experimentally. 

( 5 ) Temperature Effect on Reciprocity Failure*—^Reciprocity failaro 
at ordinary intensities also varies considerably wth tcmpcratiLre.®^ The 
temperaturo ellect can be accounted for, at least <iualilatively, on the 
basis of the mechanism described. The drop in ionic mobility at reduced 
temperature responsible lor the shifting of the bend-over point of the 
reciprocity curve towards longer times of exposure also altccts the branch 
of the curve at the high intensity side of the optimum : at low tom]>eniiurc, 
repulsion of electrons from a sensitivity speck occurs at a time oi exposure 
where at normal tcmiierature the mobility of the ions is <|uilo sulficicnt 
for some of the electrons to bo discharged during the exposure. Thus, at 
reduced temperatures, the whole high intensity branch is sliiftctl iovvarcla 
longer times of oxjiosure, and by the same ai-guiuent, towards sliortcr 
times for oLcvaled temperaturos. 

Low iuteusity failure is similarly affected, but for a dillonMii reason. 
Here the stability of a small speck of silver depends on. temporalure, the 
probability of an electron being last from a speck in a time interval dejiond- 
ing on temperaturo as c Thus ilxo low intensity broncli (xf the 

reciprocity failure curve also shifts towards longer times of exposure with 
decreasing temperature. Tiic temperature cooilicicnts of high and low 
intensity failure being diileroni, one would oxi>cct some change in shape Jn 
the recii>rooity failure curve as the tomixjraturo drops ; tlxo most important 
olloct, however, is a bodily shift of the whole curve towards longer times 
and lower intensity, as the temperaturo is decreased, and towards sliortor 
exposures, as temperature is iiicrcascil. 

(6) Low Temperaturo Exposures. 

If the temperaturo is dropped sulHcicntly, the flat high intensity end 
of the reciprocity curve will occupy the whole rango of exposiure times 
practicable: redprocity failure disappears entirely at sulTicioutly low 
temperatures.®* That means we can now separate entirely part of tlie 
elecb^nic from the ionic process: at sufEciently low temperatures ionic 
mobility drops practically to zero. It has been found po^blo to obtain 
a certain amount of information on the electronic process in tills way. 

At low temperatures (90® K.) a very much larger amount of internal 
image is formed relative to the surface image than, say, at the optimum 
of the reciprocity feilure curve at room temperature.*®* There is, as would 
be expect^, a change in latent image distribution as the temp^ture is 
reduG^ in a similar directiou to that occurrii^ as the intensity is increased. 
Thus the speed lor the surface latent image is considerably reduced at low 

®»Webb, /. Opi. Soc. Avwf., 1935, 35, 4. 

**Bc]:g and Mendelssohn, Pros. Pty. Soo, A, 1938, i68» 168; Evans and 
llirschlalf, /. Opt. Soc, Amor,, i 939 i 
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temperatures. Thnt for the internal latent image is not iiicrcased, liow- 
ever, and, in fact, drops slightly as the lemperaturo is dropped to tjo” K.; 
iiitcrnnl si)eed at these* low tempera 1 ur(*.s is alwiys lower than that at 
room tein])eraliin», however short llie ex])f»sure of the latt<'r. It is thus 
clear I lull the change in Ifilent image dislrilmtioii found does not account 
eii1in*ly lor the behaviour of ])liotograplhc materials at very low lempeni- 
tures. Various oIIkt lliuliiigs point the same way. Thus, Isith the 
coiilnust and tin* nuiximuin density ol the surface image are consitlerably 
below those <»htaiue<l for brief limes at room ti'iniierature. Kurthermore, 
an additional <*hange in contnust and maximum density occurs, ns the 
tcmpeniture is dropped Iroin i)o‘’ to 20" K.,**® although ionic mobility 
is already e^mipletely arrestctI at the higher of these temperatures. It thus 
appeai-H that there is an additional can.se resjionsihlc for the drop in .spectl 
operative at very low tcm])eratur(iK. 11 may ho that at these temperatures 
trapping of the electrons occurs in close prtiximhy to tlic bromine atoms 
from which they were roleaswl. Plioto-c(niductivity should also drop ab 
lliesc temperatures ; the expiTiniental evidence on this is, however, con- 
tradictoryJ If this drop oceiii's at. all one woul<l ox])ect to find it at tem¬ 
peratures hetwet'ii 20'’ (licpiid hydrogen) and 4" K. (liipiid helium). IDx- 
periimmts showwl that phoLogniphic sensitivity at 4” l\. is ol tin* sumo 
order as that at 20*’ 1^.*“ It ap])cars, tlierofore, that tlie loss in ])hotogni phic 
sensitivity at low temperature cannot at present be completely accounted 
for, 

KxiKirinients were done in order to explore further the fate of the 
electrons while the photogniphic material is held at low temperature.** 
It is clear that tlic electrons must he held trapped somewhere in the crystal, 
because if they were free to move they would recombine with the bromino 
atoms whence they came. There are two )xxssible ways in which electrons 
can be trapped in such a way as to be able to contribute to the latent 
imago : either tliey are trappecl in the sensitivity specks tliomaelvcs,** or 
in other traps wliich are aliallow enougli to release tlxo electrons when the 
emulsion is warmed up. When that occurs, both the electnins tnippetl in 
the shallow traps and the silver ions in interstitial pc^sitions bea>nic free 
and the latent image is formed. 

There is experimental evidence for both kinds of traps to be operative. 
Of this evidence only one fact n<‘ed be mentioned here. The low tomjwa- 
ture hitent density, which consists of tnipjicd electnuis, (uin bo bleacluul 
out very elhnitively by red light, if the nial(*rial is kept at low temixunluro 
all the time.*** ** After warming \i\> and ri‘-cooling, this is no longer 
|M)ssibI<*. 

One w^ould thus conclude (hat the red exixwure lifts the (*Ieidrons from 
(he traps when tlu'v will either be lrapp(‘d afresh or r(»combine. The 
b1<Hichinf> ellert shows that brouiiiie alonm are still available wliile ttio 
material is ke])( cold. If tiu* inatorial is exposed to radiation eoutalnliig 
a proportion ot actinic as well :is bleaching light, one would expen:! tluit a 
slate of ecjuilibrluiu where eipuil numbers o( electrons are liberated and 
lost in a unit of time be ('siablished for caintinued exposure, if tluiro were 
only one kind of tntp. Actually a latent dimsity expo.sed to niixorl actinic 
anef bU*aclilug nuliatimi decreaHv*s to a niiuitimm and then increases again. 
This indicates tliat a inimlxor of electrons lias been transferred to deeper 
traj)» fnim which they cannot ho Uborated by red light. An investigation 
Into tlio spectral sensitivity f>f the bleaching effect s1u)wh that tlic deep 
traps must be Ixstweon x and 2 e.V. deep since bleaching does not occtir on 
continued exposure with quanta of this energy. On tlic other liand. It 
can be shown that tlie shallow traps cannot be deeper than o*8 e.V., other¬ 
wise tliQ clectronB would not become freed al room temporaturo. Room 

** liorg and MomlelsHohn, /Vor. Physic. 1037, 49, 3S. 

Ikag, Trans, Paraday Sne,, 1930, 36* 443* 

*• Wobb and Kvaua, J. Opt, Sac, Afner,, 1938, 249. 
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tcmpcratxire is iliiis incapable of Ireeiiif? the electrons from the deep irfips. 
Ill order tlmt the electrons in deep IrajKs can contribute to the latent image, 
it is necessary to assume Lluit the dtHJp tra]is arc tlu! sensitivity specks 
themselves.®* 

The met'hanisin ot latent image formation at low temperalnras cau thus 
be summed up as follows : The ex]>osun' lilK^rates (‘Undroiis which move 
about in the eondiiclivity levels until they are trapiw'd. There are deep 
traps c)f I to 2 e.V., whieh constitute the s<»usitivity specks, and sliallow 
tnips of less tliau O'lS e.V. Irom wliich latter the electrons arc released on. 
warming up. The frozen-in ions in interstitial positions and the bromine 
atoms then also become mobile, and the latent image forms in tlie uiiual 
way. The assumption tliat bromine atoms biicome fn)2en in at low 
temjicratures is essential to an understanding of low toniperature photo¬ 
graphic sensitivity but is iu contradiction with the considerations in 11, 
c, *2. There is no independent experimental evidence on this point. 

(c) Various Photographic Effects. 

A theory on latent image formation should iiccount for all the different 
photographic cUccts. hi what follows a small .selection of eticcts is treated, 
chosen in tlic main luKinuse th<*y fit in easily into the picture given without 
many additional hypotheses. 

(1) Glayden Effect.—A vtTy high intensity (spark) pre-expfjsnrc do- 
soiLsitizcs the photographic material towards a subsei|ucnt exposure at 
lower intensity. 1'h<‘ high intensity ex]K»sure ])rodiioos a certain amount 
of intcnial latent image and sub-image, iMitli oL which act as electron traps 
compotiiig with the surface sensitivity speck for the elcctron-s pnKluccd by 
the lower intensity exix).suro. This is provo<l by the liuding that the de¬ 
sensitising elfoct for the sm*faco latent imago is accom])amc(l by a seu- 
sitifling elfoct for the internal iimigo.*®** A similar ettcsit occurs if a low 
temperature exposure is foUowoil by one at room temperature, bearing 
out the analogy between low tempomturo and high iatcnslty room tom- 
poraturo exposures,** 

(2) Solarlsation«—^Witli many photographic matorials, increase in 
exposure eventually leads to a drop in dcvelo}>o(l density. 

This effect can be removed by trcatiiig the emulsion with a lialogen 
acceptor before ex]X)surc; *• it is caused by the bromine atoms which 
leave the silver lialido grains. For big exposures there is su6icient bromine 
present all onniucl the emulsion grain to attack the latent imago silver and 
form a coating of silver lialido ovct it through which a uonnal devolopor 
cannot act. 'rims solarlsation occurs only in the surface latent imago,*®® 
and can be removed Ijy trcsiting the material with a silver halide solvent 
like hyjx) for a brief time,*’ 

(3) Dye Sensltlsatloti.*-In order that a dye shall act as a sensitising 
dye, its molecules must l>e cwlsorboil to tlio silver halide.*® The ahsorption 
spectrum of the dye is altoroil by the adsorption process, and it lias been 
shown tliat the spectral sensitivity of the emulsion corresponds to the 
absorption curve of the adsorbed dye.** A further obvious recpiiremont 
of a sensitising d3re is that its excited election levels shall lie above the 
lowest of Gio conduction levels of the silver halide. If this is the case, the 
excited electron can pass readily from the dye molecule into the crystal, 
and form latent image in the ordinary way. JFurthor requirements of 
sensitising dyes, as, for example, planar structure, which enables aggregates 
of edge-on adsorbed molecules to bo formed on the crystals, and co-planar 

•* Abney, Instruct* in Photogr*, Ix>ndon, 18S2. 

•’ Nafo and Jauncey, Phys* 1940, 57,1048. 

•« Sheppard and Crouch, /. Physic* Chsm*» 1938, 37, 731. 

•• Leormakera, Carroll and Staud, /. Chsm* Physics, 1937,5» 878 ; I-oermakoT3, 
ibid,, Sr 889. 
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coupliuR c)C electronic (liH])laccmeiits in the dye aiul a congruent plane of 
ilic silver latiice have Ix'cu diseussed recently.*® 

The inechanism of lateui imago f<»rniatioii, a pari from the absorption 
ant, IH iiieiitical in the dye scMisiiised ami the normal sptHdml sensilivity 
regitms. This has, for example, been deinoii.slrated by experiments on 
latent image distrilmtion, whi<'li is ichmlieal provid<'d the samt? density is 
pnuhuxMl by an <'xpi>sure ot llu* same duration,ami is borne, out lurtUcr 
l)y the tact Hut nvipr<K'ity failure curves for dillerent wavelengllis arc 
pandlel, il plottwl against Uin<* of exposure; ®‘ no doubt they would be 
identieui if it were possible to plot Iho curves not in terms of (visual) in¬ 
tensity, but of nundier of (|uanta absorbed. 

All those results indicate tluL there is no essential dilferonco in Intent 
lmag(5 format ion, whether the olcclrons come from l)n)mino ions or dye 
niolceules. This is considered to aup])ort the view tliat normally iilioto- 
graphically cJloetive absorption oC light in the long wavelength tail of the 
main al)sor|)tion baml (IIn) tala's place on the surfaeo oC the grain. If it 
did not, it would he dillicnlt to understand why the presence of bromine 
atoms all over the interior of the grain shoiihl not manifest itself as a 
cliange in latent image distribution with change in wavelength of light, 
as surliuje aksorption in tlie ilyo sensitised region is cluuigcd to volnmo 
absorplion in the natural Heiisilivity region. It appwirs to be a useful 
working hypotlu'sis tliat all ]ihotographically elfcclive. al)8orjdiou occurs 
on the surface of the grains. 

It has been shown that one dyo molecule can be responsible for the 
successive production of as many as 50 electrons.®® Tliis mciiiiK that either 
by an as y<4t not understood ineclianism the molecule regains its electron, 
or that tlie dye docs not actually lose an electron, but passes its excitation 
energy on to the uoarcst bromine ion. The energy rlcficit in the hitler 
oaso would have to bo suppliorl by thermal energy at tlie luoinont of energy 
transfer, in the former from the same source, but at some time after the 
electron has been transferred from the clyc to tlie crystal. Jn any case, 
supply of thermal energy appears to be an essential condition for the 
mechanism of dye sensitisation, and one would exjK'ct a breakdown of 
dyo scnsitisalioii at sulTiciently low temperalurw. This -was found with 
aoino <lyes, 1 ml not witli olhei’s.®** No systematic investigation luw been 
made along these lines, and llu' ri<ldle of the inwdiaiiisin of dye sensitisaHon 
rnmniiLs. It may be justitied to suggest tlwt previous nwilts with one or 
two ilyes have been generalised too much. Thus it is possible, tliat with 
some dyt's, .srweral elecirons ran be prodiuawl suce.(*ssivoly from one <lye 
inohsmle as discussisl above ami llial these dyes are very sensitive to 
cluLngi‘s with tein|»<‘raturc‘. 'Phose dy<‘S which are not so sensitive to 
temperature changes, may Ik' suiiposiKl to b(» able to supply one ek'ctron 
only, and then b(Y.ome pcTmauenily <l(‘(u)loriKed. 

'IMio writer wisbwi l<» put on record his ])ersonnl indelifrfhioss to Proh'SHor 
N. K. Mott, and to his collmgiu's, lK>th in this labonitory and that of the 
Kaatniiui Kodak Co„ in Kochesten:, (nigoged or intcrt'sletl in latent image 
rcHWtfch. Many of the views ^iresontecl here are the results of formal and 
Informal tlisonsslous spreiul over tlie last five years. It is therefore 
im])OHHlblc to give individual acknowlodgeinent for all tlie suggestions and 
ideas that have been incorporated In tliis paper, 

•® Sheppard, I-ambort, Walker, 8</* Congr. of 1038, 1, 1*73; 

7. C/Wf». 193O1 7 » ^^ 5 . 4«h : '041, 9 , 

•'Webb, /, Opt, Soc, Amcr,, 1933, 33, 31b. 

®® Leszynskl, Z, wiss. Phot,, igzb, 34, 2(>r ; Tnllert, Z. phynih, Chem, A, 1939, 
140* 355 ; l^gort and liiltas, Trwis, Paraday Soc.t 19.^8, 892. 

••Sheppard, Wightman and Quirk, J, Phyhic, Chcni,, 1934, 817 j Ungar. 

Physik, 1937, 106, 322 : SCO oIho ref.®®. In nil thn above casos, there Is a 
breakdown of dye ttctnntiHation. This doas not appt^ar to bo tlie cose in the 
paper by Webb and Kvons (ia£.®»). 
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The Chemical Aspects of Ll^t. \\y 1 £, J. Bowen, F.R.S. (Oxford 
UnivoThity Press, 10 Pp. vi T<)i. FYice 12s. FkI.) 

Mr. Bowen luis pertonncd a valuable ta.sk with distinctitni in writing 
tliis xntnKluctioii to mhuo of tlu‘ more interesting i)roblems (»C chemical 
physics. '’Phe liook has tlelilionitely been written with the ol)je(*t oJ pre¬ 
senting various problems non-inathematically, and ill this it has largely 
.succc<Hled. The more serious student who Avishes to pursue in rcst^arch or 
in reading any of the snbjtssts dealt with will find the fundamentals put 
before him in this volume in a way tJiat is both attractive and extremely 
helpful. 

Tlio first two sectioas of the book are concerned witli waves and matter, 
light and light sources. 1'ho following section considers the absorption 
and omission 0/ light, particularly in relation to the spectra of free atoms 
and molecules. The hid that such a wide range is covered in little over 
a hundred pages indicates lK)th the art of compression and its dangers. 
Those who arc not already familiar with the fundamentals of optics and 
8pcctrasco])y will bo able to amplify this survey from other wdl-known 
sources. Sections four and five are concerned witli the transformation 
of absorbed ra<liatiou (flurircscence) and with the luminescence of solitls. 
One or two small crilicisinh in the latter cluipter may be mentioned. 'I'ho 
]iho8phoroaconce of ruby is not, as stated, of very short duration, but 
lasts for a number of milliseconds; in this respect it is similar to the 
uranyl salts in duratioxL of afterglow, but diiiorcut from the tungstates 
and platinocyauides. 2^o orthosilicate activated by maugancHc impurity 
has a green and not a blue luminoscenco, and much work of recent years 
has shown that this phosphor photoconducts. 

Later sections of the book consider such widely different phenomena 
as photosynthesis in plants and the photographic process; reactions of 
the eye to light; photocells and chemiluminescence. There are a number 
of appendices dealing with filters for discharge lamps, photochcanical 
technique and preparation of phosphors. 

The list of references is intentionally not very extonedvo, but an attempt 
has boon made to include those giving surveys of the subjeefc-mattor con- 
comed. 

Much of tlio subject-matter and contents of Mr. Bowen’s volume form 
the stock-in-trade of many physical chemists. Wo feel sure, however, 
that there ore many research workers in this field, os well as students work¬ 
ing for dogrooB, who will find this volume both rc^ablo and stimulating to 
an uncommon degree. 

I'he punctuation would appear to require revision in a number of 
places. 

J. T. R. 

The Theory of Emulsions and their Technical Treatment. 4ih Edition. 
By William Clayton. (J. and A. Churchill, Ltd., London, 1943. 
Price 42s. Pp. vii + 49^^*) 

An enormous capital is involved in tho industrial application of 
emulsions. This fact, together with the unsatisfactory sdenldfic approach, 
until very recently, to the study of emulsions, has led industry to formulate 
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a series of ci)okiiift l>ook recipes of semi-secret nature, built up by empirical 
practice. The nature snid. stability of (Mnulsions an<l the ])henonicnoa of 
phase inversion liave even in the latest tcxllxKikH on these subjects been 
(h'Hcribetl as tnysicrituiH; it is cleplorablo tluit kuowlc(4(c ot a simple 
plii'jioiuonoj), used by Nature and l>y Industry on a Jai^e sesde^ should 
only just 1 h' eiiierKitig troni onipiriwiJ pni<rfic(‘. 

Hie fourth edition t»i Dr. Clayton's Imok Koes a loup; wiy 1o roiuetly 
this poHition, lie roalisi's how tire n(lvun<jos in kiiowletlge of the physical 
clioniistry ol phenoinoua occurriii{( at iiiterfaccH. esjiccially those occurrinpf 
at the oil/wator interface, ever since l^igmuir's conception of orientation 
of molecmlcs at the air/wator interface in 10x7, are helping to elucidate 
the tnrohlonw of emnlsions and tlreir technical applications. The book 
includes an excollout survey with very full rcderonccs to the latest scientific 
work on the structure and nature uf intorfadal lilms, and solid particles 
at interfaces; ilio substances used as emulsion stabilising agents which 
compose these films, their electrical, hydnitioii and dispersion projicrties, 
tlic interfacial viscosity and the viscosity of the emulsion pUasas, together 
with the latest work on particle size distribution and adsorption of ions 
and protection against ions by j)rotoctivo colloids, etc., also reactions 
taking place at the intorface and membranes special interfaces. 

Dr. Clayton gives an unbiased view of all the theories relating to the 
stability of omuLsions and the phenomenon of phase invendou showing 
how each is contributing to the building up of a clear picture of the 
subject as a whole. He gradually merges all this scientific work into its 
technical implications giving a very comprehensive list of patents for each 
industry involved. The book likewise includes a dcHcription both of tho 
inKtruments used in the scientific wt>rk and techoioal maclxinory used in 
preparing emulsions. It is to bo expected that with the advance of tho 
scicuiific treatmont of omulsions wliich this book gives, a great improvo- 
mout will take place in Iheir technical a]>plicatiou and new nsos will bo 
found for tl\om, especially in (iio tccluiical biological fields of f«K)d and 
agricnituro. 

Th<s largo numlxir of now (sniulsifying agents which have l>oen nia<io 
avalhiblo to tho research chemist by the emulsion industry Is proving 
invulutUfie for many problems in Colloid Chtmiistry, and it gives a source 
of Bup|>ly of pure cliondwUs which W(nihl nonually 1 h‘ very difficult to come 
by. Most of these agents are also of ooiiMdirrable biological interest. 
These Hubstaucos are listed in tho roforonces utuler the heading of ** Complex 
organic emulsifying agents ; this olucidalos the olunnistjy of many of 
tho substances usually only known by trade names. 

It is a pity that thin l>ook, which bosidos its Imlusfcrlal uses is also of 
great mterest to tho research worker, fdiould bo priced at a figure (of 42s.) 
outside his usually modest finance. It Is, on tho other hand, well bound 
and printed on exceptionally good paper. 
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Received i8tt January, 1943. 

The degree of hydrolyais of the salt of a weak base and a strong acid 
in aqueons solution can be determined by estimating the free acid in solu¬ 
tion. Jn most cases, since the extent of hydrolysis is small, the free acid 
is present at a suihcicntly low concentration to be regarded as having an 
activity coefficient of unity, and hence can bo determined by the various 
methods available lor the mcMurement of hydrogen ion concenttation. 
Thus Walker and Wood,' by m^uring the vdociiy of hydrolysis of cane 
sugar and of methyl acetate under the influence of HCl in the presence of 
urea (0*5 u) estimated the degree of hydrolysis of urea hydrochloride. 
From these results the authors have calculated the foUemng values 
(Table I) lor the hydrolysis constant [25° C.) by means of tlie equation 

[baao] X [acid] - 
lJun]iyTirol3rscd salt] 


TABLE I TABLE 11 


Uelai Csaeantcatioa 
of Urea. 

jr#. 

SduUona 

Uroa Coaoentratlcm 

hLO*XMUCla 

Bleolmda Potential 
(mUUvoite). 

X 

078 

I. 

0*1 U 

388-9 


074 

11 . 

0*2 H 

386*4 

0-25 

075 

111 . 

0*3 1C 

384*3 

0*2 

075 

IV. 

0*4 U 

382*1 

0*1 

0*86 

V. 

0*3 M 

STSV 


Making use of the mure accurate electrometric methods now available, 
the question has been reinvostigated. By using sevxnal molecalar pro¬ 
portions ol urea in excess, easily measurable bunering was produced and 
the experimental error rendered less. Hydiion dissociation constants of 
urea were determined instead ol hydrolysis constants of urea hydrochloride. 

Experimental. 

Hydrogen ion concentration was determined by the qninhydrone 
electiode used in conjunction with a 3*5 normal calomel electrode, the 
voltage being determined on a Cambridge Instrument Company slide-wire 
potentiomet^, standardised by a certified Weston cell. The measurements 
were nxade at ai” C. 

A series ol five solutions (I, II, III, IV and V) was mepared, all ded- 
notmal with respect to HQ and each containing a difierent molecular 
propcnlion of urea. The potentials of these solutions were determined 
with the qninhydrone electiode, and are shown in Table 11. 

' Walker and Wood, J. Chm. See., 1903,83,484. 

7 *37 
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Kmin those rojiclings tlu* amount of UCl biifloro<l by the urea was 
(lotonniiiod by the lollownig procedure • Small known volumes ol n 
NhOLL soliituni wtTO nddinl to '50 i c. oi o*j n UCl and the mixluie ddutcci 
in each rase t»» 100 r r. Tlie <|uinbvdrone elrrtiojle potentials ol these 
holutuviis wtMe nieasined with the identical ap|Uiatiis and under the s«iuie 
rondtlioiis as iielnte The atnoitni ol IKd neutialised in each solution 
was leadilv lakulatid Ironi the volume oi NaOll add<nl* In tins wav a 
seites ol readmes was obliinied c(»nm'<tinf> ilu» electrode potential with the 
aiiiount <d ll(‘l ueulialiscnl ('PahU' III). 

Kifun a huge-scide gnipli (oiuieehiift the results of Table III il was 
possible to c'htiinate the ainouni ol and ncutrsdistMl eorrespomlim* to the 
voltage rcmliiigs ol "Pable 11. The ihssmnaiiou constants were then 
e^'ilculnled by means ol the e<iuations 

. CONJU I ID x'CONallB* 

ICON,ll.n_ 

fliq LCONlllil 
pJ\\ pKw “ 


TABLE in 


'rABLK IV 


Volwne ol u>a v M.xOU 
SoltuAcklecl. 

Ulerttoilo 

(mlUivnJts). 

SolutKin. 

nydKilVMS C(l11St.Ull 

nii-MH 1 Uion C(iti>Unt 
(K,). 

2*4 c.c. 



075 

T*5I X T0“*^ 

4*9 c.c. 



07(1 

1*31 X lo-i* 

9*9 O.C. 



071J 

T*4Z X lo-l* 

20*0 CsC. 



07K 

T-44 •■< io-‘* 

25*0 c,c. 



07.5 

1-40 A 10-1* 


The value taken for Kw at 21® C\ and ionic strength O't was 
1-1744 X 10 ** (Hamed and Hamer,*). At this femtH'raluro the average 
\*alue of fvb was found to bo 1*47 x (Table IV). 

Atit^nipts to detect bullering by urt^a in alkaline nolufions worn uinrle 
by a method similar to (lint nswl alK>ve ex(K*pt that th<‘ h3rdn>gen eUndriHlo 
wm used mstoad of the i|iiinhydrnne (‘liHstnMh'. Evtny <diort was made to 
exclude uu‘Im)U dioxide. Nf> budmiig wuh deioctai. 


DiscusBlon. 




\ 


11N--C 


0 “ 




<Jf tlw nuiuy ttimuln* thal have Imjmi MiffRehUHl C«r uren tlu* most 
iatorcBthi^i' from tlm point of viow of th(‘ (liHRoclalion coaitani Ih th<‘ cydio 

jjj- formula of Werner.* Thin formula as* 
originally given by Wcnicr inoluclcH a 
•' ' jrantavtilent nitnt^n atom. It is now 

known from the olcclntulc theory of 
valency tliat one of the five valradeH 
of poutavalmt nltxogen must bo an 
electro-valency. Consequent Werner's Cnnnnla should bo writtra. as a 
zwittcrion I and not as IT. ‘nm Mg^ dipolo moment of urea in solution 
has recently been put forward by Bergmana and Weimaim * as evidence 
in support ot a zwitterloa structure. It this is so, we should expect the 


n 


* Ilanud sad Hamer, J. Am. Chm. Soe., 1933,55', 3 J 04 < 

* Werner, Tht ChmUh/v of Urta, tgM, Longmans, Green & Co. 

* Bergnuwa and Wehmaan, Trans, J'araday Soc., 1938,34,783. 








J. HELL, W. A. (nLLESHlK AND \\ H. TAYLOR 13O 

foUowinfC reactions in add and alkaline solnlioii-s, with coiusequeni marki‘<l 
bulfering in bath: 


XIN. 


yNll/ 

'«C( + 11*** ilN (/ 

^0- ^OU 


NIX/ 

HN«c(r + -oil e UN: 
^o- 


Nil. 


Tho results reported by Walker anil Wood and confinnod i!i this iKiper 
show that urea is certainly a very weak banc, and that within the liiniiH 
of experimental error it has no addic pn)]icrtie8 e\'en in strouRly alkaline 
sohitions. These findings constitute strong evidence that urea in solution 
is nei^er whoily nor in part Kwittcrioiiic, Moreover, Kberl • has con¬ 
tested the view that the presence ol jswitterions is neasssary to <‘xplain 
the dielectric properties of urea in solution. 1^'urthomiore, Knniler anrl 
Fohlen ’ have recently remeasured the dipole motnent of urea in dioxan, 
with the procautioas necessary for this detomiination in the case of a 
weakly polar substance in dilute solution. The value obtained by them 
is approximately half tliat given by fkngmaiin and Weizniann. The view 
of Itegmann and Weizmann, therefore, rests on unsatisfactory ground. 

Pauling, Brockway, and Beach « have suggestwi that the urea nioliH:ul(^ 
should be considered as a resonating hybrid of the stmetures 



ra IV V 


in which each of the forms has approximately ccinal importanco. The 
forms III and V are identical, each having a separation of charges with 
no proton transfer. 

Kumler and Fohlen ^ on the basis of thdr measuromcnlfl of the dipole 
moment point out that thdr results can bo explained by assuming a 20 % 
contribution from forma 111 and V together. Now if the true structure 

/NH, 

of urea is really a hybrid of forms J El, IV, and V the < v end of Lho 

\Nir, 

molecule will bo the positive enil of the dipole. This would opi>o8o tlu) 
union wltli the Ii‘ ion, and may bo the explanation of tho low values of 
Kit found. 

Tho fact that urea is monobasic and not dibasio has boon given os 
evidence by Wemor againat tho carbamide structure. Tlio value of tho 
first dissodation constant is, however, so low that if a socond. existed it 
would be undetectable. Furthermore, the hydrolysis of salts of ulrca in 
aqueous solution ui so great that double salts are not formed under condi¬ 
tions BO far investigate. 


Sununaxy and Conclusions. 

(1) The basic dissodation constant of urea has been re-measured and 
found to bo 1*47 x at 21® C. 

• Ebert. Z. fhysik, Chm., it)26,122, 28. • Ebert, Bar,, 1931, 64$ 679. 

^ Kumler and Fohlen, J. Am. Chm* Soc., 1942,64t 19^4- 
B Faxiling, Brockway, and Beach, ibid., X935, 57,9703. 
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(i) Attempts to measure the acidic dissociation constant support the 
view that while urea may be regarded as a weak base, it has no detectable 
amphoteric properties. 

(3) 'llie findings are considensl to be contrary to the ihcory that urea 
in solution has a /wilterion struclure. 

(,|) An atlenipi has bmi made to o'^pluiii (he monobasicity and the 
low value of the basic dissoeiatinn constant in terms ot resouniioe tlieory. 

The puhiiciitinii o( this work has been delayt\l by the death of the 
senior author (J. H.). While his oi)inions on the present pn»blein w<'re 
along the liaes expressed here, we iiuff)rtunatoly have not h*wl the benefit 
of his expert help in forming the conclusions to this pa^wr. 

We wish to thank Professor A. J, Allmaiid, hMt.S., for his helpful 
criticism of tills work. 


A CHEMICAL INTERPRETATION OF THE 
MECHANISM OF OXIDATION BY DE¬ 
HYDROGENASE ENZYMES. 


By W. A. Watjcrs. 

Received 2qth January, r043. 

Tiio fact that tlie vast majority of the well-defined reactionB of living 
cells are brought about easily by enzyme catalysts, but only with very 
great diMculty, if at all, by the direct attack of simple chemical reagonto 
is idle (listinguiBhing feature of biochemistry. So long as biodiomical 
reactions are thought of os being peculiar catalytic processes, the theo¬ 
retical outlooks of biochemists will remain aloof from those of synthetic 
organic dicmists, tmt undoubtedly it should be possible to interpret the 
mechanisms of all chemical reactions on the basis of one consistent physical 
theory. With this object in mind, an attempt is made below to show that 
rolativoly simple phy^ico-cliemical mechanisms can be suggwted for all 
those biochemical oxidations which are, as yet, only lm)ught aiiout by the 
catal3d.ic action of doliyilrogcuaiiug enzymes. 


Chain Mechanisms for Enssyme Reactions. 


Ddiydrogcnnso sysiems, in general, act as fi>Ilow»: a Him])lo chemical 
(the substrate) is dehydrogeniitod by the action of Uio enzyme catalyst, 
but the hydrogen thus abstractisl glasses to a Co-enzyme, or to an easily 
rcduoiblo But>stanco, which may be oxygon, hydrogen poruxido, methylene 
blue, etc. The enz^io itself p«>l>ably acts by way of a apen^ifio iwosthotic 
group, and, in. the vast majority of known coses, tlio catalytic activity of 
tlio enzyme is very gradually <1estn>yc<i as the main catalysis proceeds. 

To a physical chemist It is iimnediaioly apparent that this is a cimn 
reacHon frocees in whicli tlio enzyme is the chain Initiator, and the subartrato 
and co-onzymo the main reactants.^' * To give an example, one would 
write for the simple reaction; 


jga' + Cl*—►NaCl -Q 


Cl* + Ht—► H—Cl -h -Hi f 

„ , -J. , ^YreacPion chain\ 

H* + Clf— > H—Cl + Cl; { 


(1) 

(2) 

( 3 ) 


^ Conmaro Haber and WUlitatter, Ber„ 64, Z844. 
*Moetwyn-lfugh«i, Brgelmieee der EnM^forschung, 1937, ^5* 
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Na* atom — Enzv>ne Prosthetic Group ; 

(7/j, molecule — Co-emyme: II^ molecule - substrate, or tlio roversc, aud 
numerous examples oi gas leacti^uw could be quoted to show how a chain 
process, when once initialed, can proceed so that molecules of many 
dilicrent iy]>os arc involved. 

These cliain reactions, once stalled, proct^od with groat vigour because 
tho trausieul siciivo entities, though nuinciieally few, arc free atoms or 
neutral radicals, and not stable covalent molecules or ions. Though in 
genenil the reactions o£ sinijile organic molecules in solution do not involve 
the formation o( free radicals, it is becoming recognised that many of the 
somcwliat abnormal icactions of organic com|>ounds in solution do involve 
free radical formation,® and the kinetic characteristics of these reactions 
can be worked out along lines aJready explored for gaseous systems,* Tn 
])articular it now seotna tliat many oxidation processes arc of this free 
radical type,*. •» ®. ’ 


Dehydrogenase Action of Free Radicals. 

There are strong ihooretical reasons * for believing that when a free 
radical attacks an organic molecule it reacts only with one of tho outer¬ 
most atoms, and since, in general, all rtrganic molecules have hydrogen 
atoms on. Ihcir periphery, it follows that the normal action is one of 
hydrogen abstraction. 

RH H—Substrate—►K—II | 'Substrate,* . . (4) 

e.g. Cl- + H-CHa —»- Cl-TI -1- -CH, . . . (5) 

This is the essential prim^ step in an enzyme dehydrogenase process. 

Since the bond energies of covalent hydrogen are nearly equal in all 
organic compounds (Faiding ■ gives 

Bond . . . C—H N—H O —11 S—H 

jEtwrgy (k. cal.) . 87*3 83*7 tio-2 87*3), 

it follows that, once this primary d<^ydrogenaiionL process has occurred, 
the resulting organic radickl is capable of re-abstracting hydrogen from a 
second organic molecule (particularly from a C*-H, or S—H group, 
rather thw from an O—H group) without receiving much more fresh 
activation energy than that kinetically available. 

Whilst hee locals dehydrogenate saturated compounds, they can add 
on to olefinic groups, but agoda they produce thereby new free radicals 
capable of coniinuing the cliain process, 

r.g. Br + CHr-*Br . . (0) 

The typical hydrogen acceptors of biochemical systems are, in fact, un-> 
saturate coini>ouncls to which uoutral radicals can be united, but from 
which, after complete or partial reduction, the attached groups can bo 
split oil with ease. 

Thus a oocnzymo which is reduced by one dehydrogenase process may 
be oxidised rapidly by another reaction occurring simultaneously in tho 
same vicinity: s.g. (A—C) and (E—G) (below) may well be conjoint pro¬ 
cesses within a single living coll. 


® Hey and Waters, Chmicdl Reviews, 1937, 

* Waters, Trsns. Faraday Soo,, 1941, 37,770. 

■ Waters, /. Cham. Soc,, 1939, 1805. 

^ * Famer, Hloomfi^d, Sundralingam and Sntton, Trans. Faraday Soc„ 

* ^Wrmer and Stmdralingam, /. Cham. Soc., 194a, lax. 

* In all these equations a sin^ dot is used to denote a slnglo electron. 
® Tha nature of the Chamicdl Bond, 1940. 
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Typical Chain Mechanisms of Biochemical Oxidation. 

Denoting the luiluting <>1 .ui en/yme by the symlvil one can 

foimulate the niiHhmisni ol a innnbei ol eti/ymc processes as indicated 
below: 


(A) Lactate Pyruvate, and similar systems, mvolvnig 

- s V 

' Non / 


>r t> 


chain iMtiatton 

aij-t II—toon I ^ * i II,--(' toon + n—^ 

(!)ii < 1)11 


(7) 


rejfeaUng chain sequence 

TTjNCX _ ^ 

CII,-^C)OHf Vile .—> 


niNOC> 


H 

I 


C etc 


A„ 


,CI1, (6) 

HO'' X OOll 


H 


(i.e. Warburg's (o-<*a£> mo 1 or 11) 
I£ 


^II, H-CH,—(T-COOU - ► ClI,—<‘—<'0011 

I 10 ^*’^C 00 U Au oil 

ivy ^Qooii 



TIjNOC 




\_< 

^ \n C etc. 

(mimed Cfi en^uo) 

H- U' 4- CIlj-C^ 


coon 

o 


<'Uj (< • tri,-.ril ()4 Nil,; 

IN)—n 


(9) 


(lO) 


the bx>httmg of (in aliiehyde-ainmonM in w.itei 

Aa altoiuaiive, and loss prulmblo loiniulation ol the elMm-uuiiation 
stage iM to osaumo Enayme -j- Cu-t'ii;synu* union m the rodu al loini: 



followed by stage (g) above, and then by the xepcalmg reaction bones (8) 
to (lo) 

Action (XX) ib plaubible only if is a tervolcnt carbon radical, K,C‘, 
wheteas reaction (7) con occur with any radical >1 that can accept hydrogen. 
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All systems involving Co-enzymes I or II, and the 
be expressed as a1>ove, and amino-acid oxidase systems can be written 
similarly, for the group would give a complex 


out 



which would immediately be hydrol3rsed by water, via the unstable katioii 


^0 


to a keto-acid and ammonia. 

In a chain rcactiou such as this, any intermediate radical, if olfcred a 
choice of substrates, may dohydrogonate one compound preferentially. 
Co-enzyme linked dehydrogenations can be ex|)lained in this way; e,g. (12). 


CH, CH,COOH (Ula CH,COOH 

+ Jl—(!>-0H —5- H—(L-oil H -(L-OH . ( 12 ) 

iooH <!»oh <!:ooii iooii 


(B) Aneurin Ddiydrogenases. 

Vitamin Bi, and its rdated Co-enzymes, e,g. Co-carboxylase, could, like 
Warburg’s Co-enzymes I and II, bo reduced in stages by free radical 
addition, the first stage of which can be represented as (13).* 




+ 


"I*CglT^OR 

. (13) 


* The author’s attention has been directed to recent papers by Zlma and 
Williams (Bcr,^ 1940, 73, 941)* SchOborl and Stock {Her*, 1940, 73, 1240) and 
Zima, Kitsert and Moll (Z, phyHoh Chem*, 1941, 267, 2x0), who consider mat, at 
biological Vitamin acts as a thiol, capable of xo^miblo oxidatiou to a 
disulphide rather than of further reduction; thus—• 


N--CH 



Hence it might be preferable to include reactions of aneuxin and its related 
compounds amongst those of Section G (below, p. 149), with chomicol clionges of 
the I7PO8 of equations (45) and ^ Pkkce of equations (13}, (14}, and (20), 
However, Barron and Lyman (/. Biol Chem^t X041, 141, 951) liave presented 
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Carboxylase action ctaild then lit* rcproscntcd as 


+ C,H*OR 

jR-cii«-N< I I nr,—co-axdi 

/ Vti- -k 




I C- tMl*t>K 

R 01 r. Ns. I I on, c’(j cot)* 

^ \ n,. s 


followitl liy 

cii,-a).-i'<)tv — - ciij-fo* 1 CO, . 

(ctmqiaro bcuzoyl ])tsroxido 

Pli~CX )0 -- J»h* + CO,) 


(U) 

(15) 

( 10 ) 


and either (17) or (i8), 

1 ii-on -i- . (17) 

rUo-.-co-H n- OH tuiciu -co—n 1 oil . (la) 

giviniif, in (mihc (17), IT* atoms which would be picked up l>y an acceidor 
like IJie co-enzyme, or motliylene blue, or, in case (18) the -OH radical 
which would dehydrogenate more pyruvic acid and coiitinuo the chain 
process to stage (ig), 

CHr-CO-COOH + *0X1-CH.-CO-COO- d H-OH ( 10 ) 


or, alternatively oxidise tlio reduced anourin io the radical, and thus 
continue a cycle including equation (r^^). 

The CH*—C<)—COO* radical, lormulatocl first in equation (14) above 
could alternatively, and probably bettor, be thought of as a neutral product 
derived from the onion o£ pyruvic acid by abstr^tion o£ a siugle ckotron, 

eag. 


+ XMec=dC«-C|H40R 

^ + (CHa—CO—COO:) “ 

-I- XMcf**=iC—C^ILOE 

—R-CIlr-W<r 1 ^ h CTlr-CO-COO- (20) 

(anion ol nnluced aneurin). 


Any cUH;irt)n donor, such as ilie hydrogim atom produced in niago (ty) 
above could, in ibis case, initiate tliu nHluctlon cycle with anourin (i,e* by 
equatiou (13) whore *J 1), and so tluTc is no iumhI to iKistnlatc exionsivc 
combination between an active cnzynio and a cO‘K>nzyme o£ the aneurin 
typo. 


(Q) Aldehyde Mntases. 

e^. aXiOHO+CHtCO--^^ — CHr-C001i^l-ClI,--Cm 

These are similar in type to the fmt'oms discussed above, lor they are 
essentially Cannizzaro reactions, and involve actions such as 

^ 4 * CKf-CHO —>- + CHr -*-&«0 . . (»i) 

evidence to indicate that anourin does not act as on oxidation-teduotion system 
of the glutatbdoQd typo, and consequently its proolao mode of action must still 
be regarded as rab Judia, 

Smee the rest of die reaction sequence would be the same in both oases, the 
development ol the main hypothesifl of this paper is not materially sitootecl. 
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being either the enzyme or the co-enzyme intermediate radical) followed 
by the sequence 

. yOH 

CH*—0=0 -( H-OH —)• -F •!? . . . (17) 

ir- + CH,—co-cooii —cii,—d-cooH . . (22) 

l)II 

CIT,-t'—coon t- ir-OH —CHr-CHOn-COOH 1 -OH . (23) 

in 

CHg-CHO -f- -OH —* CII,-0=0 -I- fi—on . . (24) 

■where (24) is iho reversible alternative to (18). 

For a more elaborate treatment of this reaction, reference may bo 
made to a recent paper by Weiss, • and the following theoretical discussion.^® 

The greater energy required to break H—O luikagcs ratlier than 
H—C linkages is an argument agaitLst reactions (17) to (24) above in 
this simple form, though it may bo pointed out that over 40 % of the 
energy of an ionisable H—O bond is ionic,® and consequently dependent 
very much on the pu of the environment. Novortholoss, reaction of the 
derived anions (compare ociuation (20)) is, under biological conditions, 
rather more likely throughout tlwa reaction of the midissocialed carboxylic 
acids. 

Moreover, in these stages of the chain process, phosphorylation is a 
likely alternative in a biochemical system. The observation that a surface 
jfilm of phosphoric add greatly prolongs the apparent life of atomic 
hydrogen « seems to indicate that the unionised H—OP link of phosphoric 
acid (or of NaHJPO* or NaiKTOi) can be broken more easily than a water 
molecule by the interchange reaction (25). 

H- + H*-O—PO(OH), —H---- 0--P0(0H)» + 'H* . (25) 

(compare H* + DjO —► HOD + -D), and thus one would anticipate that 
the reaction (26) would be more facile than reaction (17). 

+ H--0—PO(OH), —► CHr-CO-0-P0(0H)| + -H (26) 

An altemativo representation of reaction (26), which is more particularly 
relevant to reactions in solutions of high pu, is (27), which takes account 

, , . , CHr-CO-0—1^ + U7> 

V-H-* No 

of the fact that the exterior of the relatively laige phoiqdiate anion is 
chiefly composed of oxygen atoms, any one of which could unite to the 
active radi^ thus incn»smg the probability of occurrence of radical 
interchange between the organic group and HTO*- anions in comiJorison 
with interchange with water molo^es. 

Acyl phosphoric anhydrides, such as that formulated in equations (26) 
and (27) have actually been isolated from enzymatic pyruvate oxidations 
by lipmann,*®* and are obvious reagents for the production of phosphate 

• Woias, Trans, Faraday Soc., 1941* 37 f 783. 

Hartock, Z, EUhtrochm,, X936, 4^9 536. 

» Lip m a nn , J, Biol, Chm„ 1940^ X 34 » 4<>3> 

Lipmanu, Nature, 1939, 143, 4^6, 

7 * 


CH« Ct" 0 + O— 




Ibid,, p, 7oa» 
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ainidi“> (<•./,'. phosijho-crcatiiu') (jr ciUts {c.g. (><|Uiiti(>ns (28), (joi) 1>y l>io- 
('.hcmicat jtixtccsst's. 

K_ro-4)-i>c>(()n), I ilox- --k (’o-on | xo—j'0(on)a (28) 

(wU(‘u* noX limy lie, .'itmniRht ollior ixissibililU's, !i sii(><ir or a pliosphalo). 
no, oil 

U CO o l’O(OII). I OY -(T1(%IH) 0 1*0 I 0(» on {ztj) 

IK)/ \)Y 

(a ])yri>plioHpliaic) 

Kalckar,^* in a rcc<*iil mnow oi IhiM subjwl, lins conmuMil(‘il in detail 
oil tlu‘ biochemical }.i{;iiiricancc of tlio enerfify rlianjjes in biochemical 
oxidalioJiH from Uio aspect of whether or not phosphorylations are involved. 
The accclomiicm of particular eiiTyme nxitlations by addition ol pliosiiliale 
can obvionsly be interpreted alouj? the lines siii^pfostM above, witli the 
successive nsactions (i<>, 27) anti (2H, 20) rqdacinf? the nwiion (tS), and 
coiisetpicnlly nlteriuR the ndaiive pnibability of occurrence of the alter¬ 
native reaction t)roct‘Sbt‘s (17) and (18), 

(D) Succinic Dchydrojienaso. 

The rechiction of succinic acid to fuinaric acid can easily be retiresenled 
OH a dihpro]>uriir>uatiou of tlio radical left aitor one hydrogen atom has 
been alistractcd fnini a succinato : 

f I-nooc~air-cii|---coon--- i nooc -cii-^av-coon (30) 

2iiooo-£n-aij-cooH -- ^ nooc- ch,- cii# cooii 

H- iiocxj-ofT- ^:ii -roon (31) 

and thus may be a biochemical instance of the formation of an olclinc liy 
the action of a free radical on a parailiii cliain, 

Q»H|n*n + -|-C*H|„u . • (32) 

comjwablo exactly vdth the rcsnlts oblaincHl by liamford and 
Noirish, in their studies of the photolysis of ahlehydos and ketones 

in paraiKn solution, and *vvit h inorleni views of the inecliaitiHm of cracking ** 
of gaseous hydrocarbons. 

Reaction Promoters In Enzymes. 

So far in this paprT Uio elieinical naiurt^ of the active radical of the 
onsymecalnlystlrnsnotreccivedoouHideriition. Aswill be shown below, there 
cure uumcnnts possildliiios. S<nno of tliose gron])H may Jinve energy (m<iugh 
to remove hydnjgen from H--« (' in OTl|i others from U—-C' in CHOH 
or CH(inii) or Cht-.K), and «d:hers from O- J 1 of ('0011 or and 

since bond enorgy diifercncoH of very tow (t** 5) kilix'^alorit^s con^xmd iA\ 
diiferoncos of several htuulrc(bfoId in reaction nitt^s of free nulicalSi it is 
not anraising that out^io cataLysts are highly Hpeoidc with r<^ar<l to tlie 
typo oJTrcaction which they can mltiato. Moreover, the activation energy 
of reactions involving tlie abstraction of li3rdrngon, or an electron, from 
—COOH, or addition of a radical to tertiary or quaternary nitrogen 
nicotinic or aneurin) is dependent upon the pn of the exact environ¬ 
ment, which is, as a rule, the surface of the onzymc---c0'-ettsyu\6 colloid 
on which the d and I forms of even a simple optically active substrate such 

K^ckar. Chmical RmdnBS, lo^jz, 38,7X-X7S, 

« Bamford and Norrish, Ntdttrs, 1936,138, xox6 j 1937,140,193. 

Bamford and Nonl^ Trans. Faraday Soc., 1037, 3 ^ 

Bamford and Notrlsh, J. Chm, See., 1038,1531,1544. 
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as malic acid will be diflercntly absorbed, since salts of optically active 
acids with protein bases are not enautioinorphs. 

Bearing in mind the iKxssibility ol amplif3ring the general conception 
of free radical promoter action ol enzymes by the above considcTaiions, one 
can imlicato below some potential cliain initiators that do occur in known 
enzymes. 


(E) Flavoproleins, Pyocyanino and Allied Pigments. 

Riboflavin ( 1 ) reduces in two stages to loucoilaviu (II), and, as Micliaelis 
has shown,intermediate quinhydrono complexes can, and Irc- 
quontly do, dissociate iut(^ free radicals which one can write as (ITT). Jn 
the case ol both riboflavin itself,“ and the bacterial pigment pyocya- 
nine,*** “ there is definite magnetic evidence for the existence of the 
reduced free radical intermediates (Ill) and (IV). 



Chemically, these radiesds resemble triphenylmeth;^! and its analogues, 
which are well known as oxygen carriers for the oxidation ol ald^ydes 
and olefines,*® and amongst which mbrone is strikingly like hosmoglobin 
in catalytic activity.** Still more closely analogous is the radical formed 
by thermal dissociation of tctraphenyl-hydrasdno.** 

PhJSr—NPh, ^ 2Ph,N* . . . (33) 

The reactions ol those biochomically-occuiriug phenazyl and isch 
alloxazyl radicals can be two>fold: 

18 Michodis, J, Biol. Cham., 1936, 116, 587. 

Mjchaolis, Chemical Reviews, 1935, lo, 243 ; 1938, aa, 437. 

**Midhael 5 s, LA.C.S., 1938, 60,1678. 

" Kuhn and Stjobele, Ber., 1937, TO, 753- 

** Kuhn and Schdn, ibid., 1935, ^9 1537 - 

»• Mcllwain, J. Chem. Soc., 1937, 170®* 

*® (a) Zeigler and Ewald, Annaiim, X933, 504 » ; (&) Zoiglor and Gftnicke, 

Aftnalen, 1942, 551, 213. 

** Sciinnijadior, Jsledroehem., 1936,4a, 522 (and oarlior papers by Dufraisao). 

•• Wioland, ibid., X911, 381, 206. 
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(a) Ihirlhcr rodiiction ; i.e, cnrabiniiig \\ilh hytlrogeii, iaking up 
thereby otic electron, e.g. (34). 



{b) 1-osH of otie rhMJtron io give llie kuiion of the ilavine or pheuazinc 
in its oxidised form: 




I i I 

itr 


( 35 ) 


Ueactions o£ tyiH" (a) have Ixmi discusheil in the preceding iMirt o£ 
this jKiper. 

KeticticMLs of typo (/)) will expltiiu the tiutoxidation c»f Icucofluviu and 
of phoimr^yls ]»y aircvuly t‘slablished by kinetic Htudics in the 

trlphonyimothyl seri<*H,“^» ^ and Liic fonuutiou of liydtt)gou penmtlo 
ilicroby. 

Thus the r<‘ductioii of g*iHt*onH oxygen is most siinfily reprcHeiit<Kl by 
ilio followitig HeHe*^ of cluiin pnjoesws (3^-38) wlUcli rescinblo the Hclutme 
used for interpnding the me<jhfinisni of the hydrogen-oxygen gtw n^dlou 
wlien iniliaiodi by aUmiio hydrogen.”* 


e 4. . (v . . # (36) 

«• •* •« •• * 

+ H+ 5=^. H-0-cj- . . . ( 37 ) 

H—O—llO’ + H-—I- H —0 -6—H -1- ‘X . (38) 

In biochsmical systems X* oi equation (38) can bo a radical concerned in 
a substrate + co-ensyme chain oxidatiun, and H—X a reduced co-onzymo 
or Bubsttato (indudlng, o£ couno, a molecule snoh as riboflavin). 

** Taylor and Mandiall. J,A.C.S., losO, 48, 38^0; may, 49,3703. 

** lliylQT and Mar»haU, J. l>hytie, Chtm., 11)33,39, iiso. 

'* Gmb and Hatteoh, Btr,, 1933, 85,1551. 
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(F) Iron and Copper Porphyrins (including Cytochrome). 

Iron and copper (and |x>ssibly manganese) componndH can undergo 
one-electron transitions at specific tixidalion-reduclion potcutiolH, which 
depend very much upon the precise mo<lo of linkage ol the inotal to the 
other groups. 

Vc»+ ^ |. c : Cii» CuH ^ e . . (39) 

Acconling to I\'iiiling,*® some t)f tlio iron-porph3rrin roinplexes contain 
unpaired electrons, and are siructumlly unlike the more siablcs Icrro- and 
lerri-cyanidcs, or the complex ferri-fluorides. I labor and Willhlfliter in 
1931,^ and later Haber ami Weiss,** and Weiss liavc indicated how tliesc 
single-electron transfers could operate in onzyniaiic processes, with par¬ 
ticular reference to catalase luid peroxidase. The essential reactions 
postulated are 

Fe++ + 11—0 -O—II-^ + (HO:-) + OH . (40) 

Fc++^ + :0 -O—-H-y FeH »• h *0 -O—H . (41) 

H—O* -I- H—O-O—H H-O—H + -Q-O—H (42) 

: 0 —6- + H-O-O—H —^ Oj I- (TTO:-) I- OH . (43) 

which are concordant with kinetic evidence adduced from the study of the 
decomposition of hydrogen peroxide in the presence of iron salts. Weiss 
suggests that catalase acts mainly in the ferrous form and pon>xidasc 
mainly in tlxo ferric form, and this will provide an explanation of the 
difference between peroxidase action and oxidation by means of Fciiton^s 
reagent,^ for in the latter system a ferrous salt is the active caialyRt. 

The biochemical role 01 the OH radical has been inclicatcci in the 

sections dealing with co-enzymes, and the role of the H—O-O* radical 

in the iznxnediatdy preceding section (equation (38)). Botli radicals are 
essentially electron acceptors which could play the part of the h3rpothotical 
radical introduced earlier in this pa]^. It is known that the porph3n^ 
enzymes, and analogous oxidation-cham carriers such as cytochrome, exist 
chi^y in the more oxidised (ferric or cupric) state, and one must therefore 
suppose that reaction (40) of the peroxidase system, leading to the destruc¬ 
tion of hy^gen peroxide, occurs very readily in tlioso sy^ems which are 
not autoxidisable {e.g, C^riochrome-r), and reactions of the typo of (44) 
(compare (36)) 

Fo'^'* -j- *0 - O* Fe*^^ "I** sO . O* • * (44) 

in those which are autoxidisable {e,g. Cytochrome oxidase). 

The cyclic eloctn)n transfers envisaged above are rimilar to those 
postulated by the author for the interpretation of the Sandmeyer reaction,*^ 
and the same general stipulations with regard to the spccMcity of oxidation- 
reduction potontials are equally cogent for enzyme systems. 

(6) Thiols and Disulphides. 

There is a considerable amount of evidence to support the view that 
organic disulphides can dissociate into free radicals on heating, and it is 
known that substances such as cystine are unstable in alkaline solution, 
and then prone to atmospheric oxidation. In view of the structural 
similarity between the disulphides and the peroxides, it is not unlikdy that 

** Pauling, The Nature of the Chemical Bond, 1940, pp. 1x5-17. 

Haber and Wdas, Proc* Roy,.Soc. A, 1934, 

M Weiss, /. Physio. Chem., 1937, 41. 1107. 

** Mann and Saunders, Proc^ Roy. Soo. B, 119, 47. 

Watcas, Chem. Soo., 194a# a 66 . 
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compoumls couhl j^ivo rise h) thiol radicals, which would 
be hydrogen acceptoi-s. 

I'>H I H S - -S- H - j (K- S; ) | ‘S R (\ 5 ) 

R S* 1 II X • R S H I •>; . . {.|0) 

('on!.«*(|uentlv disulpliidcrt and thiols could, 1>V' (Mmv<Msiou into mt(Tinodiatc 
neiiticU thiol radirals, R S*, be chain iMiricMs in dchydioncimw pHM'esses. 
In conlhination ol this, Zh^glcT ainl (hlnicki* have demonstrated 
r(H\Mitly tlmt thioplu'uol is a poweitiil c«itidyst of nuto\idatiou. Since, 
howt'ver, the bond eneigy of the S S link is nitlUT high (0.| k. cal.), it 
is more likely that the fonnnlhiii ol the thiol nulieals R S* is a M'conrlary 
(co-enzynic‘) process than a primaiy activation jirocess, and this is in 
accord with the known b<‘haviour of ghibi^thioiie. 

Inhibition of Enzyme Systems. 

It is a olumictiTihtic teature ol (‘iizyme catalysis that tnwH^s ol com* 
IHmmls, such as potassium oyanide, soilium lliioride, curlxui nionoKide or 
smhum iodoacetaits liave spisutic inhibiting ])ro]H»rtieK on jiarticular 
enzymes. 

No less striking is the* ease of inhibition of g«'i.se(nis chain-reactions by 
traces oC siihslances, such as nitric lotide, propylene <ir hythogi*n UKlide, 
which act either by combining with free radiesds to give stable compounds, 
or by exchange rcKictions with active nulieals, forming thereby radicals, 
siicli as attmiic Iodine, which have too little intrinsic energy to attack the 
covulcnt bonds of other molecules (c.g, (*17)) 

H- I II- 1 — - II- -H I d . , . (47) 

(whereafter f* can only react by self-combination, since it has b)o lit He 
available energy to disrupt an Li- X link). 

The coTn|yaiison between tlimj two groups «)f ncf^itive catalyses allurds 
further connnnation of the hypothosis of fra' nulical action in enzyme 
systems, for the inlubitors of enzyme iinicesHt^s are coucordaully inlUbitors 
of attnnic cluiin processes. 

Thus (rt) groups like -C'N, —F, C'O, NO fonn with lemms and ferric 
salts Ktablo co-ordinateci complexes in which unpam'tl eliHsUrm stru<‘rtures 
are no lunger ^vreseiit.**** Osidation-reductiou by single cUnjirou transfer 
then bmmu'S imimssible. 

(h) Molwules iik<' iiMlimcellc a<d<l may nml with frt*« organic radicals 
to give TeUilivcly inert prcuUutts with wliich the chain proccMst's cannot be 
coutinued. 

f I I tTl,('tK)iI ^ !• I ^ (‘ll|('()OIl. . (4H) 

A more debiilod discussion of lla^ efUr.t of subsiltueut grott|iH on the otua* 
o[ freenulUuil formation from fieri vat Lve^s of iodoncetic acid, nuvlonic acid, 
etc., has nJrofiwly been given by the author.*^. In gemsrdl, the more easy 
the flfttdon of a covalent bond to neutral nwlhtals the less rwictivc chemhuilly 
will be tlio resulting fnigniouts. Once tlunro is formed a neutnil mdlcnl 
which has not sufficient intrinsic energy to clisnipt a 11- (' Iximl thou t hen* 
i.s terminated abruptly a ddiydrogeuase chain-reaction Hutiuence. 

(e) Complex organic free ra^Ucals, such as tlio phenazyls (].>yacyaniue, 
etc.) con bo stabilise by reaction with cyanides, Hul])liites, etc., as Mcllwoiu 
has shown.** Again, 01x0 can stix^pose that the available energy of the 
radical has been lowered below a certain ciitioal value. 

Thus the common tests by whidi biochemists diiferontiate between 
various enzyme systems are nunc other thou reactions by which HiaHjilic 
active free ladlcab are irrovorsibly destroyed. 

•* Waters, /, Chm, Soc., 194a, 153. •• /Wd., 1^33, X351. 
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Summary. 

I. General analogies between biochemical oxidations catalysed by 
dehydrogenases and Iree-radical chain oxidations are pointed out, and 
special emphasis is given to the fact tliat free radicals regularly dehydro¬ 
genate filiphatic molecules, 

z. An enzyme catalj^t is regarded as a supplier of an active free radical, 
whereby a cliain reaction involving a substrate and a co-enzymo, and 
ultimately oxygon or an oxidising agent, is sot up. This scheme is applied 
to several dehydrogenase systems, and the sj)ccial r 61 c of phospliatcs in 
onz)anc reactions receives comment. 

3. It is pointed out that many known enzymes can eitlior give free 
radicals by dissociation of prosthetic groups (c.g. ilavoproteias), or else 
can initiate sdnglc-olectron oxidations and reductions (e.g, iron-porphyrins). 

4. The inhibition of specific enzymes by substances such as potassium 
cyanide or sodium iodtiaceato is explicable as a dostniction of free radicals, 
or as a replacement of active radicals by others too inert to perpetuate tlic 
reaction chain. 
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Borgmaim and Niemann,^ on the basis of their own work on the aualy^ 
of the constituont aminoacids of proteins, and that of earlier workers, put 
forward these hypotheses;— 

(1) that the numbers of molecules of dMorent aminoacids occurring in 
a protein are in simple ratios, such that the numbers can bo expressed 
as 2»3», where n are smill int^ers. 

(2) that ihe total number of aminoacid radicles of all sorts in the 
smallest analytical unit (minimum moleciilax weight) of a protein 
is of the form 2»3« and therefore that the reciprocal of the fra^ou 
of hdides contributed by any one aminoacid is oi the form 2*3* 

(3) that the radicles of each sort of aminoacid occur at regular iutorvals 
in the 'pep^de chain of which the protein essentially consist, the 
intervals being of the form 2»3» places. 

^Bergmaan and Niemann, J. Biol. Chem., 1937, **8, 301; 1938, laa, 
577. Beigmann, Chem. Rev,, 1938, ao, 423. 
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Wc‘ul)crfier = and Piric ® crilioiMHl ilirm' liy])idhosos (»n ilu‘ that 

the accuracy <d lUe nvjiilablc aualylical futures ^^a^ iusulfirioid io justiCy 
them. Chibnfill * •* has nrasilly cmitnhiitisl a discussion bu'cther wiih ne\\ 
analytical data ol much i^u'utcr tu‘cunu‘V ; he su‘(f;cs|s that I In' <lala tor 
ed<*fitiu and iiiMilin arc toiisist<*nl with the al>o\<» liyiioilwscs while those 
(oi p t»I()l>ulin of tnilk and alhimiin not, possibly Imsmuic tlu' l,dt<s 
are coinposetl of i.c'veial non ahsita ul sub units. 

The accui.icy of the expeiinieidal data ns|nirecl to establish the three 
liyjHithesi's <li(leiN. Where (as in must oi the piotelns which have be<»n 
exumiiuHl) the luoltTular >veiidd 's known a]nuo\iniiilch. the eiior jht 
mihhtble in the analysis in ordei ti» (*'itabh.sU flit* numtaT ol radlO(*s ot an 
mniiioacid in the annlyth'al unit is inveriicly puipnrtiotud to that luuuber ; 
thus Ic'ss accuracy is neiHled (o show that tJu»re are ^ rather than or 2 
nulicles oi cysteine in a niolraile ol cattle |»lobin tlian to i.how that tiu're 
are ratluT tluin or 31 radich'S of as]iartic acid, Accumey ol tlu' order 
required to esbibllKh the uumlw'rs of even the most nbimdaiit aminoaeids 
soeiUH to be within nnicU; it should llu'relore be possible to prove or dis¬ 
prove Iho first hyiiothesis, 

'I'he smmd hypolhesis is not a uerc*ssary eousequen<‘e ol the iiisl unless 
the third also is true, siiu'c any mimluT can be lorined l)v the sutn ol 
jiunibers of the form To establish the HiToiul it is iUH*<‘ss,Hy to 

know the h>1al nuTnlHu: of radicles in a inoh*cule or analytical unit; for 
example> to shrrw that then* are 2H8 ratlw'r than -iHobr 287 nulicles in a 
unit ot cattle |*lobin, Accuracy of this orths* drM*H not at j)re,sent seem 
attaiiuiblo even with ('hibnnirs imimivcfl nicIhtMl ol estimnliup; tiu* a.v<*ni}j;e 
radicle weight. 

It the thinl hypothcHis were true as well ;is tlu* lirst, the second is 
proved since the total mmil^er ot raclicU's must thcsi be the lowt'st common 
multiple of the roci])rooals of the fractions of nu)lw*ule.s c<»iitribut«sl bv the 
various aminonculs. J^ut the thinl is xk )1 a n<*ccHsary ctnisetpience oi I lie 
first and second, since shulflinp: any regular arnui|;ement would destroy 
its regularity without affectit^ the relative or abwilute luimlHnrH of amiut>- 
acid radicles. If the second is untrue, so also is the tliird. 

There is satisfactory direct evidence for tlu* third hy|K)lliosis only in 
tlic case of the protamine clupein.® I-lergmann and Niemann apiKsiV to 
have a,ssuined nuconsoioiisly rc»giilarity of structun' in uswTliiig the proof 
of the second hwoHu'sis, CUihimll and Gordon, Martin and • imint 
out that only tW isolation of fragincuts of a pniidn turn jmivide |H»sitive 
cvidenc (5 of regularity of strndure. 

There is, thc'tefore, litlh* to supimri the hyjxdht'sis of regularity, and it 
must not be micc^dtsl merely bmittse it is attnictive. Neverlhch^„ ii 
HtHsmcsl to be worth while to find wlml Hinitallons wouhl bo iiut>oMHl by 
regularity on ttie slnioliire of proteins*. *rhis jirohlein dius not smn to 
have n»ceiv«Hl much atteiUum ; Nierunmi ^ hn*; made some contributions ; 
IJuU" points out tlmt two umtunlly t>rline hitt'rvals canimt co exist in a 
regular stnustnrc, bxit Ws statiwuent about the uumU^r of oKsud tlivMn*H 
of 288 Is untrue. The matlumiatienl tlicsiry ol ('ongriionce dwils with tlus 
ctmvurso of tho present pnjl)Ioui wliich may tht*r<‘f<)ni l)c twme<l the study 
of Incongruence. 

* Neubcttgor, yVoe. Roy. Soc. 0, 0)30, lay, 35. 

•* Plrie, Ann. Rop. C^em. 80c., 11330, 36,352. 

♦ChlbnaU, Rroc, Roy. Soc. Ii, 104a, I3i» 136. 

»Waldachinidt-l^tz, Akad. wiss., lib, i<)33, 144, ^189. 

• Gordon, Martin and Syngo, Biochom. J., T9j|i, 35,1369. 

^ Kiemaxm, Cold Spring Harbor Symposia, 1936, 6,38. 

«Bull, Advamos in Emymlogy, xg^^x, if x. 
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Notation and Statement. 

A polypeptide chain is regarded as an ** array** of “ plact^H *' in be 
filled by uiiiis (various aniinoacids), J£ach sorl of unit occurs in the array 
at regular intervals. The places in tlie array are numhcrofl succc'ssively 
r, 2, . . . from one end (frf)m any selected place in a cyclic amiy). The 
** interval ** is the numericfd diilorcnce bel ween two successive (sxurrences 
ol a sort of unit (this term is prelcr«ib 1 c to lre<jneney ** used by lieiRmann 
and ’Niemann). 

A set of places (Hicurring at regular intervals in the array is callcMl a 
** sub-aiTay **; a set of units occupying a sot ol places occurring at regular 
intervals is called a ** series/* A set of places occurring at regular itilervals 
within a sub-array is calletl a " sub^array/* and so on, the index denoting 
the number of times tliat successive subdivision of the array is rcgardecl 
as liaving been performed. 

The starting points of series or sub-arrays (Iheir lojist residues in the 
terminology of the theory ol congruence) arc denoted by x, y, . . , ; their 
intervals by P, Q, . . .; A, B, . . . arc factors ol P, Q, , . .; a, b, . , . are 
prime factors, a, ft .. . being the powers to wliich they occur in P, Q, . .,; 
the highest common factor of two or more of P, Q, . . . is denoted by n. 
The two necessary conditions that muvst be satisfied by a regular array 
are— 

(x) that no two series arc congruent, that is, that units from iin two 
series are required to occupy the sanic place in the array; 

(2) that all places in the array arc occuined. 

Condition ( 1 ). Incongruence. 

Let any two series of interval P, Q start at x, y; then for incoiigiuonco 
X + wP 4 » y -f- uQi 

where n are any positive integers; that is 

mP — nQ + y — X . . . • (i) 

If F, Q are prime to each other, values oi m, n can be found to give an 
equality in (i) for any value of y — x. But if 

P irA and Q ** wB 

than (i) becomes 

tnA. — f»B 4 * ^. « • . . (a) 

«r ' ' 

where A, B, ... ore prime to each other; no values of m, malro this an 
equality unless y x is an integ^ multiple of 9. 

Therefore the conditions of incongruence between any two series arc 
that their intervals have a factor ir (greater than i] in common, and Uiat 
they do not start a multiple of tr places ap^. 

It follows that the largest number of incongraeat series ttA, «rB, . . . 
in an array, where A, B, ... are all prime to each other, is it. For if w 
series of interval vA, irB, . .. start in places x . .. in any order, all these 
are incongruent; let one of these of interval irK start at x < tr and another 
series (in addition to the above) of interval nK' start in place x + qir 
(where q is a positive integer) and let K, be prime to each other; then 
the condition of inoongnience 

X + mnK X + qir + nwK' 
or mK — nK' + q 

is not fulfilled. Therefore a series in addition to the first ir series cannot 
start qir places from a series with which it has only ir as a common factor; 
that is, anywhere in the array, since all the first ir places are already filled; 
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but the mteiviil oi any a<l(litional sones iniisl h.ive al least a factor greater 
than I in common with the micrval of each other senes. In general, the 
inteival of an adililional stoics nmst be .in integnil multiple ot the 
inieiv.il of that one oi Ihe lirsi w senes which st.iits tiw plnc<s from its 
starliiii* place, 

Clmiilltlon (2), All Placet* In the Array are to be occupied. 

t’onsiilei again tr soiies of uiteiv.il irA. wR, , . . st.uting in placet i . , . rr 
ni any onlei. Wlut luither M^iies must lx* .icUled in onlei <o fill the .uiay 
vviih4»ul congrueni'e i In ihe siin]»lc‘sl ty|Hs «*nrh adilition.il horics must 
of luteiMd which is an mteipal iiuilliple ol the interval ol tlwl one ot Hu* 
above senes starting i{ir places Irom its .siaitmy, jKMiit, 'Che simplest 
method, then, of completing ihe Ailing is by n‘iK*tition, lluit is, by using 
senes of interval irA, Wa interv.il ttH, etc, 'riu*u 

wJf^^ 1 mn/Trli | . I . . , ( 3 ) 

whence ///< irA - A 2 • • • • (i) 

n... 

All the t(*ims in (4) are integers ; tluT<*toie 5 ]wh/H must eithei contain A as 
fi factor ni it« denominator or he an integer ; but since A is panic to eiich 
ot B, . , , , it IS prime to their product ; tlKTefore is an mteger. 

Therefore mJA w an integer, and the Hainc is true oi Wn/B, etc Let 
fix * A, etc.: tlion becomcH 

A... 

hut . . , are pOHitivc iutegexs, and there are ir of them. Therefore 

- /*B • * • A 

vix • A, nitt B, etc. 

This gives the 1)asic filling Xnini whicli tlu* general pat I era ol the array is 
derived, including nioro complex arrangenieuts. 

Structure of an Array t Subdivision. 

In the armngcinont discu.sse<l, K si*rie«, each of interval wK, start at 
plac(‘s X, X b If, X I iTf, etc.; belweni lh(*iu thi*y cK*.<'uny all the nlacri 
X d m the army, lluil is, nil tlu* ^ilncisi which wouUl be occupieil by n 
Hingle Hcrles of iut(*rval w .slatting at x. d'lie sfvme in into for each ol the 
other Htdh of si'dis*. 'rhis particular an\ty lias, in laid, been arrmtd at l>y 
HulxUviding it into n overlapping subsirmys; the coiidiilouH for ineou' 
gnience and complete filling in mch sub-array am tlie same as In tlu* at ray, 
in gemnfrtl in a 8ul>** omiy. Thus, in llw (‘xample giveti, Ihe w sub arniyt. 
are furthw suIkIIvuIchI Into‘A, B, .. . sub*-arrayh res]><*ctivoly; by sutxies- 
Hive sulwllvihiou of any or all ol llieHo, m*w liitorvulH umy bo inlniduwxl 
and the coutplcndiy ol the array iiicnxisetl indellnlUdy, 

Whenever Hubifivision i« ix»rfonned by a factor such n.s to raise tlie 
highest occunring power of any prime factor in Iho army, Hie siko of the 
array, which ia the lowest common niulthdo of all the iutervaln that it 
contniuB, is iucro&ficd. Eadi micccBidvo auudivision need not bo by a now 
prime and need not increase the higlxost occurring power of a prime; in 
such ciisen the order o£ succossivo subdivision is not unique, but the same 
set of series is obtained by any sequence o£ aubdivisiocu 

A Anal subdivision gives a number of sub«s4,orles of the same interval; 
this number is equal to the factor by which the Anal subdivision is per¬ 
formed. 

The analysis ol the structore of an army can bo most simply done by 
a diagrammatio method which will be illustrated later. 
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More Complex Arrangements. 

So far only those arrangemonts have been considorc<l in which the 
interval of all scries or snb»*-arrays have one factor in common. It is 
tK)s.sible for an interval to occur in the array which lacks a factor in common 
with all the resi, provided that it lias a factor greater tlian r in common 
witli the interval of each other scries. The mode of occurrence of such an 
interval is much more restricted than of those obtained by successive sub¬ 
division. A general solution of arrays coiitaiiiing such intervals has not 
been obtained, but the following is a line of aji^oach sufficient for iho 
present purpose. 

Consider an array containing aeries of intervals wa, irb, . . , , where 

a, b, . . . arc prime numbers, and also containing one or more series of 
interval abc . . .; this satisfies the minimum conditions, Tlie array can 
be entirely filled with series of intervals iia, irb, . . . by successive sub¬ 
division ; some of these must be omitted or coiivortc<i to admit the scries 
of interval abc. . . . Any scries abc . . . may be regarded as the sum of w 
series each of interval «abc . . . which start in places x -1- wabc. . . . Since 
ir is prime to abc ...» those places will occur once in each of the v sub- 
arrays of the array, in an order tliat depends on the ender of places in 
which the sub-arrays start, before there is a recurrence in the sub-array in 
which the first of the places occurs. (This is identical with the sequence of 
least differences in the theory of Omgruonce.) Therefore, to accommodate 
the scries of interval abc . . . , at least one of each of the scrias fla, wh, 
. . . must be omitted and the sub*-array which each occupied be subdivided 
by be .. ., ac . . . , etc., respectively. 

Subdivision of one of each of the sub^arrays penults the insertion of 
only one series abc . . , ; for suppose that such a series occurs at place p 
in the subMtrray derived from a wa sesriesi and that its next occurrence is 
at q in the sub*^rray derived from a irk series; tlicn, i£ the subMirrays a 
and k start in places x, y, 

q — p ss abc . . . « nir -(- y — X. 

Thus is obtained a set of ir — 1 independent equations containing, in pairs, 
the w places of occurrence of the series abc , . . and there is only one solu¬ 
tion of these such that all the places of occurrence arc less than irabo ...» 
that is, are contained in the array; this set of places repeats with each 
repetition of the irabc . . . array. The places of (^urrenco of the abc . . . 
series in the array is therefore uniquely determined by the values o£ a, 

b, . . . and the starting places of the suDMurrays chosen for subdivision. 


Permutations of an Array. 

The structure of the array is undisturbed by taking any number ciC 
places from the beginning and putting them in the same order on the end ; 
identically, by closing the ends to form a cyclic array which may be re¬ 
broken at any point. Any snb*-array is interchougeablo as a whole with 
any other of the some interval. Thus if successive subdivision is by 
a, D, c, . . ., by a', b', c^ , . , , etc,, and no combination of prime divisors 
is repeated except at the final subdivision, the number of arrangementB 
of an open array is 

.1 xpfal - • • • 

a ft' 

Further airangements become possible where the same combinatioa of 
prime divisors occurs in two dmerent sub<*-axrays. Th» number is re¬ 
stricted by the combination of 8ub”^arrays to give an interval not having 
ir as a fai^r. 
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Limited Arrays, 

I'lu* units of the slrnctures of some pi oleins contain of tlie ordei of ^oo 
aniinoacid ia<iicles, or less. Where the si/c ol the furay is limits I, tlu‘ 
niap.nilnde, nnuiher and ]io\\t'rs ol ihe prime's tluit luaKe' up it * interv*»ls 
aie limited, ami theielme tlie dofpee of subdivision possible. 

II thesiye of the'array is 77a*l/V’' . , , , the ninnberoi dilteieiil inteivals 
which can o<< ui is tin* numbei of <*\tnd ili\is(»i , ol lla' armv winch contain 
IT as a l.ic.lor, whiih is niven by w "PJ (<x 1 i). Tlie Ini'ht'si |M»\ver oi 

fT ... 

tsach of a, 1>, , . . must (Kicur in at least one interval ol the ari’av, esther 
toj(('iher or seiwiratcly. 'Plu' .snaillest mnnluT of serit's needed to till the 
anny is ohtainetl by usiiif^ tr, ami tlusi a, b, . . . (in any order), to sul)di\id<' 
siia'cssively in each nuse owe of the i^viously obtained sulKiiray.; this 
number is 

ir-l 2«(a !)• 

For an ainiy of given si/e this number is smaller as - 

(1) IT is smaller, 

(2) a, b, . . . aro smaller, tlu*rofore a, i 5 , , . larger. 

TAlthIC I. 'Pahle I are givim 

in column I seh*cted 
nuiiibcrs of the orth^r 
of ^^oo; column IT 
their fi'iclors; column 

III the hiiiallest 
uiimiier of series 
needed to till an array 
oi tlussc size’s; column 

IV the iiumlHjr ol 
divisors, luiviug one 
prime in cemitnon, 

rnspection of the 
table sluiws — 

(r) Tlint, if it be 
nshuiiied tluvt a maxi¬ 
mum oi 2bamiiio£ieiils 
ari' available^ and 
(hat (sicU cKxattnt'H 
only one stories, i<» is 
the largc'ht prime that 
cfui occur in an army 
of this order ol size. 

(2) l^nv primes, 
such as 2 and 
linve no hikh'UU suita¬ 
bility, though Ihoir 
use (ilkms tlic con¬ 
struction of the 
greatest nainl>or of 
(lifforont sizes of 
arrays between given 
limits, the Aunil>or of 

S rimos allowed being 
mited, and of tlie 
largest using a 
given number of series. Using only a, and 26 aminoadds each occupying 
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only one series, the largest possible array is given by 

2 -|- a(2 — t) = 26 
whence the size «)f tlic array is 2®®. 

On the other hand, tlie largest number of permutations of an array of 
given size is obtained by using ilio largest primes. 

Applications. 

(i) If any two intervals calculated from the analysis of a protein liavc 
not a factor greater than i in common, the protein cannot he in the form 
of a regular array. Thus in 
Bergmami and Stein’s • values for 
gelatin the intervals 5 and 7 
appeaXi and this at once excludes 
regularity. The same is true for 
the figures given by Chibnall ® for 
edestin; arginine is given au inter¬ 
val of 9, and asparagine an interval 
of 16, Incidentally, the distribu¬ 
tion of ammonia between glutamic 
and aspartic acids given by Chibiiali 
is not unique in making the 
number of residues of those and their amirles all of the form since 

the distribution. Table TI, also satisfies this criterion. 

But this, too, is inconsistent with regularity since the intervals of 
glutamine and arginine have no factor in common. 


TABLK n. 



Interval. 

Numlx^r. 

Glutamic acid 

24 

18 

Glutamine 

8 

54 

Aspartic add . 

X2 

3h 

Asparagine 

4« 

9 



Xree-diagraniB of giaxninicidin. Numbers indioate subdivision and intervala. 

(2) For a fun test of regularity, complete analytical figures are neces¬ 
sary. The test is then simply performed by means of a tree-diagram; ^ch 
successive subdivision is represented by a corresponding brandbdng; the 
first subdivision is by the highest Xaefbr common to all series and the 
subsequent orto is inmiaterial; each terininaJ branch must represent an 

® Borgmann and Stein, /. BioL Chm., 1939, 128, 2x7. 
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intorval and nil terminal braiiclios nutst l>e ()ccii]iiod. The melhocl is 
illustraied in iUe hf^nire by appHndioii to (Vorcloii, Martin and Synf»e'h 

lecent data for graiuiuirulin.io If 
valine ociuipies a single series, the 
fmures an‘ at onre ineonsislent 
with ref* u la Hi 3'; but il, ,is thev 
sufj^est, valine is presiMil in both 
d and 1 loiiiis and o(eupies two 
difierent series, then two distribu¬ 
tions are jiossilde (Table Jll). 

If, tluTefore, tlie ratio ol d- to 
l-valiiu* should prove* to be i : ^ 
or 4: r the structure cannot be 
p<»riodi(;ally regular; if 2 : j or 
.* 2 then remilarily is po.^sible. 
In the latter rase*, the number ol 
nrranj^einents jKissible for an open cliain is 4I x 2I \ jl, and any of these 
is easily written down ironi the tr<‘c-diaRrttni. 

Conclusions. 

This invcHti^atiou sho^va the numerical conditions which must be 
fulfilled by a regular porirxUc structure, aiwl loads to a simjilc diagrammatic 
method o£ testing which may be n])plied <jv<»n to complex structures, 
}>rovidod that conijdcto analytical data arc available. Kulfilment of the 
conditions sliows only tliat the <hda are coiiHistent with regularity, which 
further evidence is necxletl to ])rovo. 

Tliere emerges no suggestion that 2 and 3 liold any uni<iue positirm as 
prime factors in the structure of a regular array of the t3rpe considered; 
if the hypotheses of Bcrgmami and Niemann should bo })n)ved to be 
correct, whether lor protoins or for tlieir ttub-imits, deeix*r insight into the 
structure and mode of formation of proteins will be uoctlcd to explain 
tliom, 

T am grateful to Mr. Ivor Robinson for encouragement, and to Mr. 
<\ II, T-onguet-lHggins for bringing to my notice iho question of scries 
which have not n lictor in <‘.onunoii with all tlio rest. 

Oordou, Marlin and Synge, Uinrhem, J. {Proc, AVir.), i«)42,3^, xxl. 


TAIU.K HI. 


d-Unuiue 
'hyplnphtUie . 
Alanhu* . 

(tl3M int* . 
IIy<htix3*amino 
1 -Valine . 
d-Valiue 


Niimltft. 

lllll'iv ll. 

<> 

1 

(1 

4 


« 

2 

12 

2 

12 

I or 2 

24 nr 12 

4 or 3 

<)or.S 
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THE SOFTENING OF THERMOPLASTIC 
POLYMERS, 

PART I.~THEORETICAL. 

Hy R. F. Tuckictt. 

Received Pehmary, 1943* 

One o£ tlie most important physical impcrtics of tliermoplastic 
polymers is their ability to flow readily at elevated tomperatiiros under 
the application of a stress, and in point of fact this forms the basis of the 
plasms moulding industry. Hence, in order to obtain the correct mould** 
mg conditlonB for a given maioriel, it becomes necessary to know some¬ 
th^ about its flow properties aucl moro especially tlioir variation with 
temporatmro. This is not only important for producing mouldings, but 
also for assessing thdr bchaviotir under stress at elevated temperatures 
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such as oltcu occur under working conditions. To cvahiaie these pro- 
])ertica, various empirical tests wore devised and arc now in use as routine 
control checks in the plaslics indnslry ; most oi these aim at assessing the 
temperaiui*c at which some j)ropcrty of the raw material reaches an 
arbitrary value. This is known as tlio softening point, aiul lias been used 
ratluT haphazardly to estimate both moulding conditions and heat clis- 
lortiou pro)XTlics. 

A discussion of some of these tests lias been given by Coii/<*us aiul 
Wearmoulli.' With standardisiitiou of testing ])rocednre, the ncennuila- 
lion. ol precise data under known conditions h«is taken place, and hence 
it becomes jiossiblc to anal3rso the tests themselves more fully iu the 
light of modern theoretical ideas on tlie mechanical ])ropertics of high 
polymers. An analysis on these lines is very necessary, as erroneous con¬ 
clusions have sometimes been drawn Irom the results of .some of these 
testa ; this point has recently been emplmsiscd by Gurevich and Kobeko,® 
who have reviewed the Martens heat teat and (^liarpy im|)aci test in terms 
of the theoretical work of Alexandrov and I-azurkin.® In tlie tollcwMiig 
paragra])hs the varioiLs softening jsiint and flow-time tests are asscssecl 
in terms of modern theories, and some recent work on the flow proyierties 
of tlicmioplastics is discussed. Arising out of this, a general softening 
theory is dovolopcd ; some cx])eriineiital verification of it will be given in 
a subsequent communicjition. 

Within the jiast decade, a number of softeniiig-ixant tests have become 
standardised in various parts of tlu' world. For illu.strtttive pnnxises, 
two of these are described more fully liere. In the modifiecl Kraemer- 
Sarnow test,* as used for cliaracterisnig jiolyvinyl acetates and I'lcctals, 
10 g, oX mercury are placed over a J in. plug ol the re.sin at the lower 
end of a 7 mm. tube. The temperature is raiHe<l at the rate of 4" C'./min., 
the softening point being defined as tliat temperature at whicli the mercury 
runs out. In the Mart^ test,* a standard bar of material is dofonmxl 
by a fixed cantilever load, the temperature being raised at a standard 
rate. The Martens degree of hardness is tlie temperature at which the 
deformation reaches a standard value—the A.S,T.M. heat distortion test • 
has a similar basis. 

It will be seen that both these and many other related tests all measure 
essentially the temperature at which a given deformation, simple or com¬ 
plex, is produced by a fixed stress, (The Rossl-Poakos test ’ for injection 
and ext^sion mouldings is based on a similar idea, but in this case a rate 
of deformation rather than a fixed value is fi^ecified.) Mow, one ^nt 
worth making at once is that, owing to the -poo^ thermal conductivity 
(i^ of thenno])lastics, the temperature (T^ may not be the actual Hj^ecimen 
temperature; hence, not only will lor a given substance bo <lc|Hmclont 
on uie rate of rise of temperature (dT/di^ but comparative values of 7 ^ 
for difiorent substances at equal viduos of dT/di might be misleading 
owing to different values of iif. 

The Complete Expression tor D. 

The generalised deformation (strain) produced in a specimen by n 
given stress will now be considerod naora fully. It can l>e analysed into 
three components which, in this simple treatment, will ho treated as 
independent scalar quantities. These are;— 

1 . Viscous flow caused by the po]3nner chains sliding irrevorhlbly over 
each other. If the polymer can be treated as a Newtonian, liquid, wo 

1 Couzens and Wearmouth, J,S,C,L (TransX 19,^2, 61, 

* Gurevich and Kobeko, /. Tech. Physics, U.R.S-S., 1940, p, izity, 

® Alexandrov and Lazurfiin, Ada Vfwsicochimica, 1940, 13 , <>47. 

* See, B.B, 436,07^. »Wood, Trans., 1937, No. iz, 

* Am. Sot. for Testing Materials, Method D48-39, 

^ Peakes, JSriiish Plastics, 19311, 6, 421, 475, 516. 
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C5an express the viscous comixmont [Dvinv) itx ilio form tA o ^ beinjy 

pro|x>rtioual io the strosvs ; the rcquisiie values for A and /iviur are dis- 
cusfHsl later. If the ]>olymer has a s<»-calied ''yield value/* a nu>re 
complex exi)r(*ssifm on I he Hmss snjj(f'estecl by de Hruyne ^ will la* iUH:t*ssary. 

Z, Ortlhiaryelasiic deformation (/>on) i’luni|j;o in the (sq nil brim n 

distance belwi'eii eluiins and atoms. 'I'liis has Imhmi dls<5UHS«sl Hsowhen'." 
This Inis a Voun/(*H nuululus wliir.h we denote by fion, 

Z, Highly elastic deformation (/i,iH) elm* to chain nH)rientation in the 
dircHdioa of applied stn*ss. (For a discussion of tliis, sec Mark.^®) This 
has a low Voaug*« modulns (fra^) and a iletinile iciupcmluro dep(*iidence 
in ooiitriLst to Goh. We can write Dim ^ Xuiuilion of t in Iho usual 
Conn; ■* 

OmW - (i -- oxp (-■;)) 

whore Dn*(co) is the full liif^hly elastic dofonuatiou for a given stress 
and T is an orientation time, clianicloristic of the jKilymcr.* 

Dcm is usually very much smaller tliaii cither /Jhi /\uo» a ad so 
is noglei'tcd ; in the following jmnigraplLs, the relative nuigiiitucles of 
DyiHc and arc coasid<*rcd in terms of other variablos, via. time of 
loading, teinjwrature, stress, total deformation (f>), molecular size and 
structure. At constant stress, then, wo put 

D = Dvtao -f* -f^ua (0 

+ /^ua(®)U-o . (4) 

— Ato < to"'* • • (3) 

T T 

Thus, it is possible for the reversible liighly elastic defonuation to bive 
tiic same dependence on time as the irrover.Hiblo viscous component and 
hence to be confused with it, (In ru]>ber, r is very small at room toni- 
porature, Dub(oo) being reached almost .at once—tlxus, it is unnecessary 
to consider the time dei>onclence of Djm in the ortlinary kinetic theory of 
rublRT.) The com})o8ito clianwtor of tlie olworvctl time-dopondont tl<^- 
formation luis led io much confusion in tlxe past and to tlie introduction 
of the plinuso " elastic urt<*r-olfect ** to m^lain any subsequent non** 
InstanlamwmH dcctxsosc in deforuiatiou ol)st»rvtHl when tlio stress is rcnutvotl. 
It f(»llowH from this that, in miy stnlic loading exjierlinout, tlie slope of 
the linear portion of tlie /) - • if curve is not tu*cesKarily a measure of the 
ixdymer viscosiLy ami tliis assumptioii, as will bo shown later, 1ms led to 
erroiLoouH t^lnuites f)( this (puuiuty. 

In order io comtdeto llio uroliminary develripmont, it is necessary to 
analyse r^a little further. Tnis quantity may be written in Uio form* 

rr U whore f/ is fairly large (50-xoo k.<^al.), A preliminary analysis 
of r in terms of molecular structure, size oiul cuviromnont has been given 

dsowbexe,** For unit stress, Djm(oo) - tt-t— and both the Mark- 

“de Bruyne, Proc, Physic. Soc., 1041 1 53> ssx. 

* Kttbn, Z. physih. Chm. B, 1939, 4a, i. 

Meurk, Phy^l Chemistry of High PolyinerSt Inloiscienco, Now York, 194X, 
pp/Co si ssq. 

Tucketfc, Trans. Faraday Soc., 1942,38,310. 

It is assumed here, for tlie sake of simplicity, that the Bn *-*-1 lolation 
can be osproased in terms of a single orientation time. Ttm introduotkm of a 
distribution in times about a most probaldo value does not alter the main 
concltudons. 
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Kiihni® and Bresler-Frcnkcl theories** give i^nE(oo) " where Af 

is the molecular weight.* The variation in wiih tcmj>erature 

being small conxparod with that in the exix)neiitial term iu eejn. (2), we 
can. -wrilc 



This expresses /) as a Cimctiou ol two indepeucleni variables, i and 7 \ 
If, in any specific softening tesi, Ihc tcniperalurcis being raisecL at n fixed 
rate {dT/dt - ^), we can pul T --- To + and express i> iu terms of 
a single variable i. 


D{t) =-- 1 *A exp + ^[t - exp (-^exp. 


U 




)]• 

( 5 ) 


The softening point measures the temixjrature at which D roaches an 
arbitrary value, though it can equally well be defined as a time whoso 
value is a solution of equation (5). The fundamental pmblem to bo 
solved is the relative proportions oL Dvmo ^tn total deforma¬ 

tion, and this is considered further in the next section. 


Dependence of D on f and T at Constant Stress. 

In the previous paragraph a complete expression tor D was <lerivcd, 
but this by itself is in rather an uiiattraclivo form, owing to the presence 
of a large number of constants which can only be evaluated from a variety 
of other physical measurements. As a casual inspection of this expression 
does not throw much light on the shape of tlio D —T curve, we consider 
the variation of the com|wnent parts of D witli time and temperature, 
which will be ajssumed initially to be independent variables. 

(а) At constant temperature, the expression in oqn. (i|) reduces to a 
fairly simple fonn 

jD(^) ep Dviio + *^111(0 

. . . . ( 6 ) 

M 

which for f > r becomes of + -r. JD —i curves of this typo are frequently 

0 

encountered in any study of the extension of a strip of plastio under a 
fixed load. The important point, however, is that tl^ elastic component 
reaches a static value M /8, whereas the viscous one increases linearly with 
time. 

(б) At constant loading time, the variation of JD with toniperaturo is 
^ven by equation (4!. In Fig. 1, Dvuo and are plotted against T 
for a fi^^ loadini^ time, U Here again Dn^ reaches a limiting value, 
Ar/ 3 t (correspont&g to r) while Dviio increases, this time oxpoiion- 
tially with T, If T varies with time in a linear maimer, the shape of the 
D —T diagram will be as in equation (5]; the general variation of the 
two components with T will be flimtlar to Fig. i, but the slopes will be more 
diarp—the variation of with T vSUL be more than exponential 
and JDqi will reach its limiting ^ue within a smaller tompetature interval. 

Now, in Fig. i, JDbi is drawn from Alexandrov and Lazurkin's data 
for methyl Tnetha<^late, while Dtuo is computed for an value of 


**Brealer and Frenkel, Acta Physicocitemica 17.17,5.5., xo 39 i XI, 485 . 

* 3 is a constant. On the Mark-Kuhn theory,*® it has the value 7 J 7 ro', 0 

a the density. Wall dorivos oRTa ( 7 . Chm, Physics, 1942, to, 485), and 
>1 predicts a value proportional to T*, 


18 does contain the Wiperature, but its dependency on T is sdfSkt in com- 
pailkuL with the exponential variation of Dtisq. 
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20.000 cal., a fairly probable value. These have been siip(Tini|)oMecl <»n 
each other tor the sake of clarity, but they niinht exist in (juite cliilcretil 
tenipenituri‘ rcRions, this circuinstance on luolocular structure 

aiul size. The eorrelatiou l>otween strnotuie and visnosily is still not 
tleai, bill an analysis of the elhrt <»l inf»hTular weight on /Ivwr niwl D^x. 
can be much*. The vistiosity fd a liolymer. us wdl be seen later, vanes 
eYfaMienlhilly with the inoks'iilar weij»hl tluit uu uierease in aveiane 
cludn leu/»th wdl shill tin* /lour T rurve ttjwaidH lu^dier lein^x^nitiin^s 
while |)n*seivm^ its same |>erieiul sluipe. *nie hi^h elasticity temperatuix* 
of a iwdyiner, on the other hand, is delennitnxl by its orientation lime, t, 
which is chiefly a lunctioii t)f niolmdar structureJi^ • TUiih, the fJ,,,,- -/' 
curve will be in the nanio position thoii|i[h tlie limitinf{ \mlue ol 7 ;,,^, t.e. 

v»), will increase with 
the dej^rwof ‘|>olyinorisa- 
tion. 

Now, at the sofieuinfr 
temperature, (he total 
clehirmation reaclu^s an 
arbitrary \'ahie, and it 
in obviously ini|M>rtanl 
whether this magiiiludo 
is greater or less iluin 
/>nii(a)) for a given sub¬ 
stance, Two cases will 
be Cf»nsi(k*red. 

(a) l> V. H 

is clear that 1 ) might 
Cfintain a considoraldo 
clastic component, and if 
the molecular sixo is such 
llial wlieii />nu starts 
<lovoioping “ f^YUo» 
the total 1 ) will l>c almost 
entirely elastic, and hence 
any softeniug ]x>mt de¬ 
termination of this typ<» 
will be a measure of toe 
elastic propertlcH of a 
materia] miher than of 
its flow cbonicteristios. 
Now (liiH seams to tm an 
important txiintto make, 
as the moulding teuitwra- 
turc must bo such lluiL 
the deformation is almost 
complotcly viscous, otlierwise iho final article on being romovecl from the 
coolod mould will Ijo in a stale of elastic strai ti, On heat lug, r will decrease 
rapidly and the sjiocimon will lend to return to its original sliapo; thus, a 
h^t distortion test may give an anomalous Tesnlt. This may l«wl to (lie 
rejection of a given polymer Cor a Hj’xjcific purpose, whereas ft might have 
been (tuite satisfactory if made at a higher moulding temperature. Tests 
of the Martens type,* the A.S,T.M. h^t distortion tobi • and the Bureau 

♦ Kirkwood and l^oas (J. Chem. nysdes, rodi, 9 , 3»9; lo^y, 6 $, 

a40i), have recently predicted and found that tho most prolwiblc electrical te- 
laxatlen time In a polat pdlymer varies with the degree of i>dymorisaiion, but 
the tetnperaturo coeificieat of tlie corresponding mechanical quantity is very 
high, and, in offoci, tho elastic temperaturo for a given polymor is littio oflectod 
by moloculax aiao. Kauasuum Has, liowovor, queried the 
aaalysiB {Bav, Mod, Physics, xg^a, I 4 f la). 
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of Standards softening point test, discussed by Wiley,all specify doJorma- 
tions of a loaded beam of material under conditions where D is probably 
largely clastic ; hence the softening point and the so-called clastic transition 
tcniperaturo under these conditions arc identical and not very dependent 
on molecular size. This has recently been domoasirated by Wiloy 
f<jr a number of substances. Tests of this t3rpe, thou, cannot assess flow 
properties of fhe raw material for moulding purposes and their clucf nse 
is Hither to specify the finished product, 

(5 ) /)> /)hji(oo). a softening-point test which docs not give mis¬ 
leading results ior moulding purjioscs should give T as a function of Ovioo 
rather than for /^un. This can bo done by spocif3ring a large deformation 
{D Da»(oo)) so that Iho elastic term is only a small i)art of the total 
deformation. This is done in the modified ICraomcr-Saniow and Rossi- 
Peakes tests, which, on the basis ol the above reasoning, would give a 
more reliable estimate of flow properties fur moulding puiiwses than the 
ones discussed in tl\e previous paragraph; on these methods, softening 
points increase with molecular size, which is in accordance with our 
knowledge of flow processes in tlicso systems. 

Further Analysis of the Kxaemer-Samow Data. 

The next point is how to ascertain from softening point data as 
obtained by the Kracmcr-Sarnow method whether eljustic cftccts are 
present. To do this, the theory must be carried a little further ; two 
cases arc considered. 

(a) D is almost wholly viscous; hence, atteiilioii must Im focus.scd 
on the A and terms in osixjcially on their variation with 

molecular size. For a series of linear polyesters, l^lory found the 
following empirical relationship between viscosity (1?) and weight-avoTcigc 
chain length (M^)* 

Log « A + + ^- • • • (7) 

Flory’s justifleation for using a weight-average molecular weight is not 
completdy convincing, but the important TOlnt is that is independent 
of ci^n-length and only about 8 k.cal, in magnitude. A value of this 
order is found for rubb<^, and in general, for viscous flow in linear 
polymers without special bonds is believed to be ^ xo-30 k.cal. High 
values ('^50-Too k,cal.) are generally traceable to elastic effocts os will 
be seen Jatw.* 

w Wiloy, Ind, Eftg. Chmi., 1942, 34* X052. 

i^Flory, 1940, (b, 1057. 

* Tlie resmctioxi to linear pulymors without special bonds (such os hydrogt'ii 
ones) is nocessaxy us many glashos and non-linoar phcmol-formoldohyde rosins 
have high values zoo k.cal.) for Eriut Hartshorn, Megson and Husliton, 
Proc, Physic. $or., 1940, jqb ; Taylor and Doran, Glass Indu 1939* ao, 173 ; 
1941, 24, Z03). For the moment, however, we assume that in linear polymorH 
V is grater than, and different from, Fviso; the direct ux]>orimQntai demon- 
sfxation of this is not absolutely complete as EytBc is usu^y moasurcHl at a 
higher temperature than U and increases with decrease of lomporature (r.g. 
Flo^, ref, f*. Ferry and Parks, Physics, 1936, 6, 356), For rubber, however, Uio 
distinction seems fairly clear-cut os values at room temperatures have boon 
compared (Eley, Trans. Faraday Soc., 1942, 38, 303). Indirect evidence also 
comes from electrical meaauioments. It will be shown in a forthcoming paper 
that dielectric relaxation in polar polymers is intimately connected wih highly 
elastic orientation and not with the macrosc(mic viscosity of the system ; the 
latter, however, can be compared with the D.C. conductivity (Preston, J. AppL 
Physics, 194a, 13, 625), Hence, it seems profitable to compare JK-vilueB for 
D.C. conductivity and dielectric relaxation m linear polar polymezs. This has 
been done by Kauzmann (Rw. Mod. Physics, 1942, 14^ 33, Table IV), The 
distinction between the two elcGtrical processes is shown and thus indirectly that 
between the two mechanical ones also. 
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Tf viscosity can bo treated as a ralc-procoss,^® tj for a simple liquid can 

Nh ^ + ^!L 

bo wriltcn in the lorm -p- e e On this t>asis, Ivnnzmann and 

Eyriuft have cotisidorcxl the motion oC lonpf chain motccxdos in terms of 
llic scKineutol tlitwy of flow of Ihi^so siibstauct's; an expn^sHion oL the 
s;unc form as the oin|iirical one of h'J()ry is obtained, the constants A an<l 
bcinf? evaluattKl more explicitly. Now the Mory etpiafion can be applied 
directly to wiltouing point data, for if D is almost wholly viscous, solteninf; 
points can Ikj treated as roughly Aso-viscons tcni]>eratureH (T^) at which 
has a fixed value depending on the test conditioas; its al^solutc v^aluo 
is immaterial, but pnibably in the region jo*-to’ poises for tlie conditions 
of the Kracmex-Samow test. Hence, lor a series of ixflymors from the 
same monomer unit but of difloring molecular size, we con put: 

+ EIR1\ const.(8) 

This can bo regarded as an equation connecting two variables, softening 
point and molecular weight; hence, the plot of i/Tg against 
{r= the quantity measured by the Staudingcr method, should be a 
straight line. "J'his has been done in Fig. z for a number of commercial 



polyvinyl acetates, the Tb values being taken from Morrison's recent 
paper; f the range of molecular weight is from 3,400 to 4|6,ooo and the 
points lie on a fairly good straight lino, so that under these conditions 
the softening deformation is largely viscous, 'rhe Jdope of the line is also 
in rough agreement with theory, it being given by iTviac/JF?/*; assuming 
Iivito « 33*0 k.cal.,'* this givee a 11 value of 0*40, Flory finds fjk 0*17 
for his linear ];)olyo8ter8, while ICauzmann and Eyring prcxlict 0*25. 

(ft) D is partly vis^ua and partly elastic. It ia assumed that iho 
measured Tg is much higher than that at which high elasticity develops, 
so we may write, as in eqn, (6), ignoring the variation in i :— 

D =» JOviBO + J^bb(®o) 

■> A exp 

“ Th$ Theory of Rato Procassos, Glasstone, Laidler and Eyring, McGraw 
Hill, New York, 1941, pp. 477 ot sea, 

Kauzxnaim and l&rxlngj J,A£S., 1940, fia, 31x3. 

Morrison, Ohom, ifuf., X94X, 6o» 387. 

t The moleoalot weights used are not those of Morrison but more accurate 
ones from a private communication from Shawlnigan Ltd. 

Fart II of this series. To be published later. 
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Hence, os molecular sdze increases the elastic component forms a larger 
portion of the total deformation, and this vnU have an increasingly <le- 
pressaut effect on Tg so that the i /Tg — line will become curved 

upwards. This is seen in Fig. 3, where data for a number of polyvinyl 
formals, acetals and butyrals all derived from polyvinyl acetates, but of 
various degrees of acetalation, are plotted. 

The deviations are all in the right direction, and it is interesting to note 
that tlie curvature becomes less pronounced as the degree of replacement 
increases ; this is best seen in the three Alvar series and in the Formvar 97 
sot, a return to a linear relationship is found. The reason for tlxis can 
be understood roughly. It is experimentally observed tliat the replace¬ 
ment of acetate groups by acetal ones cuts down cold flow and hence 
decreases ; this acts in two ways. Primarily, Tg is raised, but also 
the i/Tg — VJkf^ line becomes a curve for the reasons given above. This 
is most pronounced in the Alvar-70 series. Now, as replacement of acetate 
groups continues, Dvino is reduced still further, partly as a result of 
occasional cross-linking, and hence, to produce a given total deformation, 
the temperature needs 


to bo raised. Now, as 
Dtibo increases exponen¬ 
tially with T while 
■Dni(oo), which is as¬ 
sumed roughly constant 
during acetalation, Ls 
little dependent on it 
(eqn. a rise in 

temperature increases 
the proportion of Dviio 
once more and 
straightens out tho 
i/Tg — V 30 ^ curve as 
in the Formvar-97 
series. If, then, mould¬ 
ings are made on the 
basis of Tg values, the 



curvature of the 


I /Tg — VjS?w r^tlon- 

sliip will give indication of the relative degree of elastic strain in the finished 
product. 


Dependency of D on Load. 

So fax tho dependence of D on the stress has not been considered; 
this is obviously important as this latter factor is markedly aiJocted not 
only by the load but equally by the dimensions of tho ^edmen. If tiiio 
test conditionB axe altered, Tg will only be the same ii both Dviao end 
the same dependency on ihe applied stress. This may not 
alwa^ be so Cor two reasons ; 

1. A non-linear dependency between stress and dastlc strain 

/.a. Cr^(oo) is a function of stress. Wall has recently predicted such 
a relationship. 

2. A non-linear rdation between stress and JDvuo, due either to non- 
Newtonian flow or to the existence of a so-callod yidd-point.** 

For small deformations, (1) is probably not impoiWt, but (2) applies 
whatever the magnitude of D. The existence of a definite ^dmd-value 
in amorphous plastics is still a debatable point though a critical creep 

Shawixdgan Ltd** Todmical literature. ' 

Wall, /. Chetn. Physics, 1942, 10, X32. 
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stress if> often found ; nti the theoretical side, the considerations of Kauz- 
monii anil Kyriiig and dc Ihruyno® liave indicated i)ossibIe mechanisms 
which arc not necessarily mutually exclusive—from the experimental 
viewpoint, much of tJie data seems uiin'liabl(», though ("ouzonH and 
Wennnoutli ^ have recently given lair evidemvi* lor its existence in a 
polyvinyl chlorwle-neetate e^)*])olynier. 

Now, a yield value is usually asstKuated with a breakdown oi change 
oi structure, as implied by Jlouwink,®' and i 1 might be signiiieant that 
in plastic materials where its existenie is riaimed, tlu*re is olten some 
indication of the presisico of crystalline regions, either as a coiLscsjuencc 
of tlie basic molecular structure or as a result of the method of preparing 
the specimen—Cor example, in shc*ct mnicrial, the chains arc often prefer- 
entially oricntateil in one dirinstion by the rolling process. In celiiilase 
acetate and nitrate, both cticcts can contribute to produce ciystallinc 
regions and it is in these sjrstems that yield-values arc often found. In 
a truly amorphous polymer witluiut special bonds, its existence seems 
more doubtful. 

These considerations arc obviously important in asses.siiig the depend¬ 
ence of softening jioints on streas. ff the latter is below jFq, the yield- 
value of the material, is and D is entirely elastic. Above 
the proportion of /^viho increases steadily with F. It will be readily seen 
that eiiects such as these might lead to a fallacious assessment of flow 
properties, and this lias recently boon demonstrated by Couzens and 
Wearmou^ ^ for throe spccimons of cellulose acetate using a modified 
Martens test. 


The Experimental Determination of Flow Properties. 

Under the conditions of a true softening-point test, it may be generally 
assumed that ouy highly dastlc component is attained quickly at r - 
i.e, r^i sec. Many static loading expenmonts on the flow properties of 
thermoplastics are, however, often pc^ormed at temperatures where r 
is greater than the loading time, the total deformation or its rate being 
measured. Under these conditions, we have by an extension of cqn, (3); 


D -Dviie +* 

+ . . (lo) 


17 

Hence dD/dt is of the form kiO -h kg 0 whore in general EriBn and 
U liave very dilforont values {U * Etiho). Now, if Dm starts developing 
boXoro Dvuo (sne J^'ig. 1) tlic meoaurocl energy of activation, obtained from 

will bo U as the deformation is largely elastic. At higher tem- 

pmtnros, however, equation (xo) does not apply as 4 r and the variation 
UL D is almost wholly duo to the change in Dvuo* this region, then, 
the energy of activation will correspond to Eviie and have a much smaller 
value. This is seen best in Wlloy*8 results •• on so-called visetms flow 
in some thermoplastics. From his experimental set-up, it is clear that 
viscous and dame effects have not been separated. His results enable 
log ** viscosity —i/T plots to be made. These are pronounced curves 
over a relaiivoly RmaJl temperature range, indicating at once that a 
composite process may be involved. For a given cellulose acetate, the 
slopes oi these curves at high temperatures are ^ 20 k.cal. and ^ 70 k.ca]. 
at temperatures 1-^40^ lower; this is exactly what might be expected on 
the hsw of thie theory outlined above. It might, of course, be argued 
that this change is due to an alteration in ^th temperature, but. 


M ElasHdty, Plasticify and Sfrudim of Mattel^, Houwink, Cambridge, tQSr. 
“ Wiley, Ind. Eng. Ckm., X 94 X, 33, i377- 
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from the limited data available on other s3rstcms, this effect by itself docs 
not seem largo enough to explain the variation experimentally observed. 
The high temperature value of r.- 20 k.cal. is probably a true one for 
Eyibo as it is similar to that for unplasticisod polyvinyl acetite.^® Tlie 
same autluir has recently also made the suggestion that aottening points 
represent ?\9o-viscous slates but also identifies tliem with elastic transition 
temperatures. The analysis of the previous sections lias shown that both 
these cannot be true simultaneously lor a specific test and an examination 
of tlic tost methods which ho amsiders (the A.S.T.M. heat distortion 
and the Bureau ol Standards softening point lost) show that, as small 
defonnations arc specifiotl, elastic properties only arc probably being 
computed—^licnce, his estimate of lo^'-xo^* poises for the softening viscosity 
may be quite erroneous. 

Viscosity estimates for various thermoplastics have also been made 
by Kiatlor.*^ Hero again viscous and elastic components arc not com¬ 
pletely distinguished though their existence is indicated. For polyvinyl 
acetates at 40^ C., Evuo values of 60-80 k.cal. arc obtained from the 
increase in length of strips at constant stress over a small temperature 
range. This might be expected, as in this range this polymer is just 
developing its elastic properties. At corresponding elastic temperatures 
cellulose acetate, methyl metliacrylate and polyvinyl formal give E \*alues 
of 100-170 k.caL For natural and sjmthetic rubbers, much lower E 
values are found (rw 30 k.cal.), and these may be nearer llic true values 
as these experiments arc done at 25-30® C. which is well above the elastic 
transition temperature for these substances. The experiments of 
Ueberreiter ** suffer from similar intcrpretational defects. 

Recently, the parallel plate plastometcr has been used to get some idea 
of the softening range of thermoplastics. For a given load, Wcarmouth 
and Small ** have calculated a yield- 
value ” from the limiting thickness of a 
raecixnen compressed between the plates 
of such an infrtxument. For a number 
of synthetic substances this quantity has 
been plotted against temperatures and 
shows a sharp decrease in value over a 
small range. In view of the ideas de¬ 
veloped in this paper, it seems that an 

alternative interpretation of these results can be proposed. The limiting 
thickness taken up by the specimen roughly represents the equilibrium 
deformation produced by a given load; this varies roughly with tiie overall 
Young's modulus (G) at the particular tenfporature. Hence, in reality, the 
curves show a sha^ drop in G over a small temperature range. In Table 1 
are set out these trauaition temperatures ( 7 ^ for the materials studied by 
Wearmouth and Small. This sudden fall in 6r is typical of the chojigo 
that occurs over a small temperature range from a si^t ordinary elastic 
deformation to a large highly elastic one; it does not necessarily have 
any direct connection with the true i$o-viscouB softening temperature 
discussed in the previous section ; it is, however, the same as the softening 
|)oint as measured by any small deformation ** method, in which case it 
IS a measure of the dastic, rather than the flow properties of a material. 
The fact that Wearmouth and Small's Tg values are in rough agreement 
with their elastic transition temperatures, so far as they are l^wn at 
the present, xnakes this explanation fairly likely. 


TABLE I 

Suhstanca, 
Polyvinyl acetal 
„ formal . 

„ chloride . 

Polystyroae . 


50 

115 

Ii8 

B5 


“ Kiatler, J, AppL FAyste, 1940, 11, 769. 

** Jenckel and Ueberreitor, Z. p^sih. Chim, A, 1939, 18a, 361. 
Wearmouth and Small, Brii. Plastics^ 1941, la, 377. 
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A NOTE ON UNTMOLECUIAR REACTIONS 


Summary. 

The flfcncral dcfornialion procliicocl iu an amorph<»us high pol3noaeric 
material by a given stress is analysed into its three components which 
are lermotl ordinary elastic, highly clastic and viscous, ilieso all have 
dilfereiil clepondencif>s on moitxjular size, stnicturt', teiniM'raturc and 
duration of stress- the elft'ct of these variables is workcnl out and tlxo 
iiitormatitm obtained is usc<l to analyse th(» various empirical softening 
point tests wiiioh are in current use to cliar{ict(»ri.se plastics. It is shown 
tliat such tests Call into two main gnmps : (i) Tlvwe which measure tlxo 
ilow properties of materials and, as such, are o£ use in evaluating correct 
moulding conditions. (2) The second class essentially measurcss the 
temperature at which high elasticity develops—^this is important in 
assessing heat distortion properties of the material under working con¬ 
ditions. A typical flow-property test, the modified ICracmer-Saxnow, 
has been analysed further and, on the assumptioii that softening points 
of this type are essentially MO-viscous states, a roJation between molecular 
size and softening tomporaturc, based on IHory's relationship, has been 
prediciotl and shown to hold oxperimojitally in the case of the ])olyvinyi 
acetates. Deviations that occur with other materials are explain^ 
(qualitatively. Finally, a critical survey of several recent estimates of 
]^lymer viscosities lias been given, it being .shown that the viscous pro¬ 
perties of such systems have often bc<ui confused with highly elastic ones. 

This work has been carried out in the Department of Colloid Science, 
Cambridge, and 1 should like to record hero my best thanks to Professor 
£. K. Rid^ for many stimtilating discussions during the period in which 
the ideas expressed above have been developed. I am ^so gratieful to 
members of other laboratories for helping me to clarify this manuscript: 
prior to publication. 

Hus work forms part of a programme of research carried out for the 
Ministry of Aircraft Production, to whom 1 am indebted for permission 
to publish. 

Depi, of Colloid Sd&iice, 

The University, 

Cambridge. 


A NOTE ON UNIMOLECUJLAR REACTIONS. 

By D. D. EufiY. 

Received ibik March, 1943. 

■ 

The purpose of this note is to discuss briefiy cesrtain as]^ect8 of the 
modem theory of unimolecular reactions, which become increasingly 
important as the theory is extended to include within its scope such pro¬ 
cesses as viscous flow, elastic and (heLeotric relaxation in conden^ systems. 
I am concerned mainly with examining the application of the " square- 
term and ** transition-state ** formulas to rapid reactions. While these 
formulas are w^-known and widdly used, I do not know of any detailed 
discussion of their respective ranges of application, although the theoretic^ 
basis for such a discussion has already been provided m the papers by 
Eyring, and Evans and Polanyi. 

Cc^der a tmimolecular reaction, A - 4 - P, which we take to include 
any process involving the passage of the system A over an energy barrier 
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{e.g, ns ill Eyring's theory of liquid viscosity ^). The process may then 
bo divided into a number oi steps, s3niibolised as 

A + A -► A' A* -+• P . . . . (i) 

I ir III 


St^ I.—^This concerns the collisional activation of A; by means of 
collusions the molecule A gaiius the necessary critical energy for reaction 
(Lincleniann theory). Wc are particularly concerned in this nolo with 
condensed systems, where aU tJie neighbouring molecules may be con¬ 
cerned in the collisional activation. For such systems wo may reasonably 
assume step J to be the fastest process of the three, and we shall not 
discuss it any further (nor tlie reverse process of dc-activation). 

Step II.—Here the molecule A^ which contains the cxccas energy E 
(activation energy) spread over s “ square terms ” {s/z vibrational degrees 
ot treedom) after a certain interval of time becomes “ reactive.” That is, 
the energy E comes into the bond or bonds that are to be activated, and 
■^e system reaches the top of the potential barrier, where it may bo 
designated tlio activated complex A*. ^ 

Step HI.—^The activated complex passes over the barrier (i.f. decom¬ 
poses, or otherwise reacts). 

There are two cases, then, of prime interest in condcnsc<l systems. 
In the first case step Tl is rate-determining, and in the second step HI. 
Tt is important to realise exactly what formulae apply to each stop, and 
their limitations. 

Step II. la Rate-Determining.—Tlic rate of step II is then best evalu¬ 
ated by solving tlic equations deduced by Tolman * for the case of a uni- 
molecular gas reaction at high pressure (i.s. whore collisional activation, 
step J, is faster than the rate of reaction, wliich is the case of interest to 
us). This equation is 


h 


J_ 

1 


(a) 


Here each molecule with energy cj, statistical weight pi, is regarded 
as possessing a specific rate constant Aj. The suffix ” j '^refers to activated 
molecules, ” ♦ ” to all molecules. The observed first order constant k 
is thus obtained by averaging the molecular rate Aj by the usual method of 
statistical mechanics. 

This equation appears to have been solved in two approximations. 

First approximation (Hinshdwood, Fowler and Rideal •), 

Aj sss o when ej < « 

-a A when fj > c. * 


Then 



( 3 ) 


It is important to realise, as Fowler and Guggenheim have pointed 
out, that this much-used formula is valid only for €» s/2 kT when s is 
the number of square terms. 

Second approximation (Rice and Ramsperger, Kassel *). 

Here the transformation probability of a molecule Aj, is considered to 
increase with the excess of energy that the molecule possesses over the 


^ Glasstone, Laidler and Eyring, The Theory of RcOe Processes, McGraw-Hill, 
1941. 

* Tolman, StaHstical Mechanics, p. 259, Chemical Catalogue Co., 1927, 

* See Guggenheim and Fowler, Statistic Thermodynamics, p. 52a, Cambridge, 

1939. 

* See Kassel, XineHes of Homogeneous Gas Reactions, p. 93, Chemical Cata¬ 
logue Co., 1932. 
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iniiLimuiii activation energy reaction there must be at least m 

quanta («m who) in the one degree o£ freedom tlial is to react. Then 
if the total number of quanta spread over all degrees o! freedom of the 
moloenle is j, then tlie pnibabilily of t/i in the particular degree of freedom, 
/.r. Aj, iiicrc‘ascs with (; wi). 'I'liis leads then to tlie simple equation 


/e Ao-m1nlhT^ , . . , 

whore A lias the dimensioiLs ol a fre(|uency, lik<' A in equation (j). 

It is diificulL at the present iline to jwsess the respective merits of the 
iormulfc (j) and (4) as ap]>lied to gaswius reficlions, since so many of these 
during recent years Iiavc been sh<»\vn to be complicjitcd by cliaiu re¬ 
actions.® The theory of the second approximati<m is considcretl by Kassel 
to give a l>etter account ol the way h falls oil with pressure decrease, in 
certain instances, llinshelwood, ® on the otlier hand, considers the first 
approximation to describe the expciimental results within our present 
Imowloclgc. Tlierc is, liowevor, one point tliat seems to bo miased. A, 
in equation (4), and A in ot[uatioii (3), lx>th describe the probability with 
which energy sprcail over the whole molecule will concentrate in tlie 
iKind that must be activated to form the activated complex A*, This 
probability has been calculated, first by Polanyi and Wigner,’ and more 
recently by Slater,® and comes out to bo of the order of an atomic vibration 
frequency, lo'® sec."^. The formula (4), h •== is conventionally 

used to describo unimolecular reoctionH (condensed phase, or bigh-prossuro 
gas reactions), and the hrst authors showed that in the large majority of 
cases experimentally A 10^* sec.’^^ in agreement with their theory. 
If, however, equation (3) be applied to the experimental data, using r 
obtained from the point at which k starts to fall ofi! with pressure decrease^ 
A comes out to be lo® — lo® whicli is not in such g(^d agreement 

with theory as the previous case.® However, it is not legitimate to make 
any conclusion in favour of equation (4) on these grounds, since it is 
likdy that in many of the experiments reviofwed step III and not step U 
is rate-determining, and in th^ case this theory is not be be regarded as 
appHcablo. 

In the following discussion we shall consider equation (3), since this 
has found a widespread application in the literature of “ Cast reactions 
in solution, i,e. reactions ^th A > 10'® aec.-^ Tn describing such re¬ 
actions it has become a frequent iiractice to take A as about lo-^ sec.”"* 
and to adjust 5 to give the right value of A in the ompirical equation 

Step HI is Rafe>-Dote]m]iiiltig.—^ 1 'ho equations for this case, probably 
the most usual, have been developed tlirongh the activated complex 
theory of Eyring, and Evans and Polanyi.^ In tliis case the activated 
complex A* may bo considenKl to be in equilibrium with the initial 
reactant moloculo A, and to react with a ixcciucncy kT/h acc.~^. Briefly 
if Ifbe a special form of equilibrium com^nt rdating to the octivatcHl 
complex ./t* and the reactant A, then in the simplest instonce 



or in the convenient thermodynamio notation 


h 


1 £ 

h 


AS* -AS* 
e“ 3 r e' 


(s 


® Discuanou in J, Chm* Physics, 1030, 7f 749. 

* Hinahelwood, Th$ KinsUcs of Chmiem Chisgs, Oxford, 1940, p, 79. 
f Polanyi and 'Wigner, Z.Jfl^sihal, Chmis, A, 139,439* 

® Slater, Proc, Comb, PMT Soc,, 1939, 35, 36. 
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At normal temperatures ^ ~ 10” soc.-S and if AS* > 0 wo may 

n 

again have fast reactions, i,c, those where A > lo^* 8ec.~^. 

It is important to realise that fomnila (5) applies to the case whore 
A and A* are in equilibrium, i.e. where steps I and 11 are much iaster 
than lil. It therefore coasiders ^ to bo a function of a ratio probability 
of ^♦/probability of A, as expressed either through K* or AS*, On the 
other hand, in fonnula {3) the probability of the activated state is ignored. 
Here one is concerned only with the probability of the preactivatod slate 
A^, multiplied by a A which is to be calculated from mechanics (or more 
strictly quantum mechanics) and not statistical mechanics. If step II 
is rate-determining and lonnula (3) holds, then the equipartition of energy 
is not to be regarded as holding in A*, and accordingly tho statistical- 
mechanical probability of .4* does not enter into our equations, but only 
that of A'. If step III is rate-determining, then we may regard the equi- 
paxtition law to hold for all bonds in .4 ♦ ejvcefit that which is actually broken, 
and K* and AS* are calculated in this theory using the ordinary partition 
functiouR. 

Experimental Criterion.—^It is tho purpose of this paper to note a 
possible experimental criterion between the two cases, formulated in 
equation (3) and (5) respectively. We shall discuss this with particular 
regard to tiie case of fast" reactions. It resides in a measurement of 

■ where IArrhenius energy of activation 




Equation (3) is well known to give E^xp «* .W* — N{s/ 2 . — i)kT 

and - - N(s/2 - i)ft = - (s/2 - i)R. 

i,0s it is always negative, and the faster the reaction (i,e, the larger A, 
therefore the larger s), the larger will be — 

Equation (3), on the otheer hand, gives 

JEaxp « JWT -I- AH* - pAV* 

= + ae* 

(A17* s=; volume change of activation, AE* = corresponding change of 
internal energy) 

whence * jj + „ jR + AC,* 


Now AS* is connected with ACt* (the heat capacity of activation) by 
the conventional equation 

AS* -= f^AC t* din T. 

Jo 


So, since high A factors mean positive values of AS* these must be 
associated with posiiivs values of 

Physically t]^ reason for tins difference in behaviour resides in the 
considerations mentioned above: formula (5) takes into account the 
probability of the activated state and therefore the heat capacity of Its 
bonds, wliereas formula (3) does not do so. 

An Erroneous Application of the **Square*>Term ** Eormulatlon.^-^ 
Equations (3) and (5) have both been us^ by the protagonists of the 
respective theories to analyse the same body of data, and it is not my pur* 
pose at the present time to attempt to decide in any case which is the most 
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suitable. As pointed out alx>vo, this is perhaps best done through a meas¬ 
urement of ?>/iexp/^ 7 ‘ {usually not easy to carry out, uiilortunatoly). 
However, there is one way in wliicU equation (j) is maiiipuluted wliich seems 


definitely erroneous. 


11 Ihe function 




I for any arbi- 


tvaiy I'.fRT be plotted against & a inaxiniuin value may beobtaiiu^il. 'Phis 
is a Miatter of .some inteiest for the rate proper!it's ol ^wilyineni, sueh as 
viscous How, since it appears to provide a theoretical basis for the empirical 
tlitH>ry ol Sc‘gnieul-flow,** suggested by ICyring.^ I lowever, as [‘’owler and 
Guggenheim “ iH>int out, the otiuatioii (3} is \'alid only for y^/R7»(5/^ — i), 
and the maxima occur jnst in this ro^^on (/.£?. at values ol sfi given by 
RjRT -- s/2 — 1), Accordingly, we must regard all coiisulorations of 
viscous How in jMilymers, or tlie chemical stability of chain luoleculcs, 
based upon such a treatnicnt of ccpiaiiou (3), as invalid. 


Summary. 

The applicability of well-known formulER to tho ca.se of unimolecular 
reactions is critically discussed. In the interesting case of fast reactions, 
i.tf. where A > lo^ sec.-' in A «= yle ■ and oxxxjrimental criterion is 
given to decide whether or not tlie fluctuation of energy inside tho large 

moloculo is the ratc-dutormiiiing stop. L£ it is, should l)e negative, 

while if it is not, should bo positive, and tho transition state theory 
applicable. 

An erroneous application of the " square-term " formula is pointed out. 

The Colloid Science Dept, 

The University, Cambridge, 


THE KINETICS OF HAEMOGLOBIN REACTIONS. 

By D. D. Elry. 

Received lidh March, i<>|3. 

During recent 3rt^r8 several authors liavo cUsctiHsotl the kinetics of 
enzyme renctiou.s, Mmilwyn-llughes® was concoruod with the applica- 
tion of the collision theory of clxotnicai reaction, and laUu* (Ievo 1 oi)o<L clxain 
mochanisius to ox))lain cases where tlio rate was fluster than this theory 
•worJd predict. Steam ® raotlo nsi^ of transition-state thtx)ry, tuning tlie 
concept of " outropy of activation ** to e3q>lain ntpid rcactionH. All wtjrk 
in this field, however, suffers thn)ngli a lack of precise" knowledge concern¬ 
ing tho coucontration or activity of erusynies, Ikjcausc of this lack of 
knowle^e tho following study of hmmoglobm was undertaken. Haldane ^ 
has pointed out tho analogjr between tlxe reaction of hemoglobin with 
oxygon or CO, and the reaction of an onz^o with a substrate. Htemo- 
glol^is, in fact, a close chomioal relation of many enzymes, e,g. peroxidase, 
catalase and cytochrome oxidase. Tho concentmtion of hssmoglobin may 
be defined and measured with a daxity not possible in most enzyme 
systenois, and there exists for it a wide range of rate and equilibrium data, 
the Kfiult of the accurate experimental work of Hartridge and Houghton. 

^ Moelwyn-Hughos, Erg^, Efuytftforschmg, 1933, a, t. 

* MoeJwya-Hughes, iM„ 1937, * 3 * • Steam, ilnd,, 1938, 7, t . 

* HaJdaaxo, Eni^mes, Longmans, 1930. 
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The object of this paper, then, is to re-examine the ratc-mcasnrenienth 
of Hartridge and Roughton, with particular reference to the coastants of 
the corresponding equ^bria. Such a treatment is conveniently formulated 
in terms of the transition-state theory of reaction-rates, firstly because this 
tlieory cmplaaai&cs the conncctioji between rates and eciuilibria, and secondly 
because it allows a ready consideration of the many complicating factors 
that may aticnd the re^tions of large protein molecules in solution. Wc 
shall discuss only certain outstanding features of these reactions, which 
are of general interest. It will be seen that there are many points of detail 
which require to bo cleared up by further experimental work. 


Kinetic Equations and Data. 

The conventional expressions are used for the specific rate constaiii, h, 

UT ^ 4S1 

Ac e « e 

h 

The first oc|uation is the empirical equation, whore A is the so-called 
“ temperature-independent ” factor, and E tlie activation energy, calculated 
ill the usual way as RT^’hlnk/'bT, The second ecpiation is a transition-stale 
theory formnlation,». • where AS* and AH* are the entropy cliange and 
heat content cliange respectively, on forming the activated complex from 
the reactants, all species being in tlieir standard states. The standard 
state used throughout this work is a concentration of one mole per litre. 
The fartor k, the transmission coeffidont, is assumal to be unity in accord¬ 
ance with the usual practice (this will bo commented upon later in the 
paper). Values of E and AH* are expressed in cal. per mole, and of AS* 
in cal. per degree per mule (shortened to E.U., entropy units). 

Reeiction rates are dasdfied as normal, or otherwise, according to the 
valueofif. For reactions in solution it may be shown that H =» AH*-|-i 5 ir 

and therefore (p. iqg**), A normal unimoleoular reaction 

may then be conveniently defined as one for which AS* o, giving 
-4 = 1*7 X 10^* sec.-i at 293® x. (a value close to ttot most frequently 
found experimentally, cf, Polanyi and Wigner For a bimolecular 
reaction, the normal reaction is defined as one for which A ^ Z, the collision 
numbor as calculated by kinettc thooiy.* If the rate constants are given 
in litre mole-* sec.-*-, tho corrcjsponding value oL Z hi 10^*, and therefore 
the norm^ bimolecular reaction has AS* — 57 E.U. 

Reactions for which the experimentally deterrnined values of AS* are 
greater than the above are desmbed os ** rapid reactions/' and where AS* 
assnines large negative values, as alow reactions. For slow bimolecular 
reactions the steric factor F{A =* PZ) may be used. In Table I wc sum¬ 
marise the kinetic data of Hartridge and Roughton in terms of AS*. Hb 
symboliBes haemoglobin, HbO| oxyhasmoglobm, etc., tho molecular weight 
being taken as 16,700, the Fe-equivalent, for the purposes of Irinetic 
calculations. The molecule of haemoglobin has, in J^t, a M.W. of 68,000, 
and contain 4 atoms of Fe. In a part of the discussion we shall wish 
to take this specifically into account, when we shall symbolise haemoglobin 
as Hb4. 
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Ref. 
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— 
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(Jnmu)i. 

22,400 
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At <>*o 

9 

0 

lb 111) 1 ‘ IIW),. 

Ihtiiol 

U 


N<mc 

10 

2a. lll)C<.) 1 il) 1 auq. 

Unimd. 

22,^00 
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11 

ab Ul)H COaq. - IIK'O 

3. ( 0.1(1. h llbO, -■>■ 

liiiuel 

<),too 

H 

V snuill 

12 

TlbCO-l 0 ,aii 

liimul 

1 b.OOO 

^4 


*3 


• Tlio A 5 * and Ai/* lolcr to gases in their standard siaU* of i mole por hire in 
^iolvtion in luater. 


Discussion of Reaction Rato Data* 

A lew explanatory commeuts on Table I arc necessary. The dissocia¬ 
tion oi llbOfl has a rate inclependent of in alkaline solutions up to p'H 8, 
when iL increases 7-fold over Uio range pii 8 to ^ii 0, at which pit again 
there arc indications of a constant rate independent of pii being reached. 
Hartndgo and Koughton • attribute the slower rate at pii tyo 
(AH* - 22,400, AS* ■= 24) to the ionised form of oxylia?moglol)m, 
oxyhannoglobin that has disaodated one hydrogen ion por lisem (the so- 
cafled oxy-labile acid group, or ha^m-linked acid group). The higher rate 
at pn 5*6 is attributed to idle unionised oxyhsemoglobin, and their value 
for acid dissociation constant of 2 x lo’ ^ derived from tlic ^ii-rcaction 
rate curve is in good agreement with more recent values from other 
sources.** Wc note that the higher rate (at pn 5*0J has tlie higher activa¬ 
tion energy, the etfect, so fax as can be scon, being outside ilie experi¬ 
mental error. The higher latc in this solution is due to the higher value 
of the entropy ol activation AS-*. 

The importance of AS* for tlie dissonaHon reacHmis appears in other 
ways besides tliat just mentioned. It is clear that the characteristic 
rapidity of the HbOt dissociation is duo to the high AS* value, rather than 
a low value of activation energy or AH*, ('omparing this Association 
with that of IlbCO, which is 10* limes slower, we see the two reactions liave 
tlio same AH* value. Tlio decreased rate in ilia latter case is due to the 
smaller AS* value, which is thcroloro responsiblo for Hie iucr^wl stability 
<)i HliCO over IlbOft. It is possible that a similar explanation holds 
the poisoning action of CO on myoglobin, cytochrome oxidase, etc. To 
dedde whether iliis is so will rctpiire accurale inoasuroments of Uio 1 cm- 
ixsraturc cooflidonts of the rates of tlieso systems not easy to carry out in 
practice. 

Very latgo AS* values have already boon reported for protdn reactions 
fludi as denatumtion, and onzyme-inoctivaiion •. « (^100 The 

rates concerned, however, were dependent on a high power of the pn, and 
it has been pointed out,** that if aUowance bo made for the add ionisation 
of the protein, then the AS* values reacli the normal small value. The 

• Hartridgo and Houghton, Proc. Roy. Soc. A, 1923, 104, 305. 

** Hartridgo and Roughton, ibid., 1923, 107, 654. 

“ Roughton, Pyoc. Roy. Soc. B, 1934, iig, 473. 

Roughton, ibid., p, 470. 

w Hartridge and Roughton, ibid*, xpas* 94 f 33^- Sec also Roughton, lef. 12, 
P* 451 - 

** Coryell and Pauling, J. Biol. Cbm., X940, tyt, 769. 

” Steam and Eyring, J. Chm. Pbysios, 1937, 5 # xi3» 

** La Mer, quotes Sfceinhardt, Trans. Fofway Soc„ 1938, 34, 71. 
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■data of Table I, including that for the dissociation of oxyhasmoglohin, are 
independent of pK and therefore require no such correction. (For HbOt 
the effect of has alroady been considored, ihe two AS* values referring 
to the unionised species (AS* = 36) and the ionised species (AS* ~ ^)). 

Exactly the reverse conclusion holds for the association reactions. The 
high rates here observed are duo to low values of the activation energy, 
AH*, rather than to high values of AS*. The Hb + Og reaction has, in 
fact, a large n^ative AS* value. Conventionally, it might be argued that 
this small steric factor is due to the rdatively small target area presented 
by an Fe centre in haemoglobin to a colliding O, molecule. In transition- 
state terminology the equivalent statement would be that the haemoglobin 
amd Os molecules lose a considerable amount of rotational entropy on 
forming the aictivatod complex, and clearly this is unlik^y. The mere 
addition of Og should not effect the rotations of the haemoglobin molecule 
considered as a unit of M.W. 68,000. This is home out by experiments in 
which the efficiency of ph3rsical-collision between Hi and the Fe centre in 
haemoglobin was shown to be about normal (the collision efficiency was 
measured by the para-hydrogen conversion). In the formation of 03^- 
haemoglobin, however, we are concerned with chemical-collisions, i,e, 
collisions in which new bonds between Fe and O, are formed. The forma¬ 
tion of these bonds will certainly influence the other bonds in the porphyrin 
and most likely also in the globin. If this leads to an increased tightness 
in the internal protein structure, or through an increase of charge on the 
protein lead to an increased force bonding tlie hydration shell, then negative 
AS* values will be incurred. That is, the AS* value is to be explain^ by 
internal changes in the protein structure, and we shall discuss such possible 
effects in more detail for the dissociation reaction later. 

The results in Table I are for hsemoglobin from sheep blood. Millikan “ 
has obtained very similar rates for human and horse blood, and we feel 
justifled in comparing the data of Table I with equilibrium data on other 
bloods, in the rljssct section. 

The AS* values indicate that the CO reactions behave more normally 
than those of O,. A further difference is revealed by the actioa of light, 
which will photochemlcally dissodato HbCO but not HbOi.** 

No marked effect of s^ts was observed on any of the reaction rates. 
In the last section we shall suggest a hypothesis, which would certainly 
require a salt effect on the rate, hot it is possible that such an effect would 
be difficult to detect in these extremdy rapid reactions. 

In conclusion, we must conunent on our assumption of a transmission 
Goeffideut jc of i, which of course effects the values of A 5 * calculated. 
There is a change of electron spin in the reaction of Bfb with 0 « (and also 
CO), since initially there are 4 unpaired electrons per hsom in Hb, and 0 | 
has a multiplidty of 3 in its ground state, while ]mO| has zero restdtant 
dectron spin.** In such cases theory presets the possibility of values of 
ic < I, but up to date there is no certain experimental confirmation, i.e. 
all reactions whether or not involving a change in dectron multiplicity may 
be assumed to have i. For reactions of proteins, the perturbation of 
the dectronic levels due to the dectrostatic ffdd over the protdn, arising 
from surface ionisation, wiU hdp to raise k towards unity. For a balanced 
reaction the same value of k is to be expected for forward and back ireactions, 
if the small value of k arises from a restricted dectronic transition. So if 
the small A value of Hb + O* was really of the kind ic < i, AS* =» 0, and 
not ic B I, AS* B= — 30, then, assuming a balanced reaction, the same value 
of K should be taken for the HbOi dissociation, and an increased AS* value 
of about 50-60 E.U. Our assumption of k » i, if wrong, will not invdidate 
the main points to be disdussed in the penultimate section of this paper, 

Eley, Trans. Faraday Soc., 1940, 36, 500. 
laMUfikan, Proc. Roy. Soc. B, 1936, ino, 366. 

Pauling and Coryell, Proc. Nat. Acad. Scf., 1936, so, 159, 
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The Equilibrium Data. 

The reciuisitcs of any simple balanced reaxjtion arc : - 

(1) The cquililyrium couatanl shculd equal the ratio ol the lorwarci 
velocity constant to the backward velocity a>nslanl. 

(2) The ovcniH entropy of the njuililn-iutn slwaild i^pial tJie tliilorence 
b(dw<‘cii the entropies of activation ol tlw' forwsird and Ixiclc rcjictions 

i.c. AiV AS"* I,. 

(3) A similar rolatioaship should apply to tlie cuergios of activation, 

m. A/r * /it - /ti. =- AJ/*f -- A 2 r*b. 

In their original paper Hartridgo and Roughtou 1 ® establislicd (i) for the 
Hb -I- Oa reaction. This rolatioiiship la ^nrobably approximately true, 
although their determination of the eciuilibrium (pressure of Og vs. per¬ 
centage saturation of Hb with 0 ,) apjioars to be in error to some extent. 
Using a spectroscopic mctliod, tlioy iound the saturation curve to ]K>ssess 
the simple hyperbolic cliaractcr characteristic of Htlfncr's theory. l-rUter 
research by Koughton has sliown tluit dilute solutions of haemc)gk>lm'i 
]>osscss sigmoid saturation curves as do more concentrated solutions, and 
blood. Values of the equilibrium constant K determined by Ilartridge 
and Uoughton at about 50 % saturation should not be in great error, 
however. We liavo used Uoughtou's later determination of the dissocia¬ 
tion curvOi together witli lus values of A//,*^ to estimate the AS values 
given in Table fl. For this purpose we have calculated equilibrium 
constants K (and hence Gibbs funciion AG), assuming a simple equilibrium 
between t molecule of 0| and i molecule of hscmoglobin, giving the latter 
a molecular weight equ^ to Its Fc-cquivalent of 17,000 approximately. 
In this treatment we ignore the essential character of the reaction as 
involring intermediate compounds, as pointed out by Adair.*® This theory 
will be referred to in subsequent discussion; at this time wo merely note 
that our treatment gives AS values sufficiently accurately for our purpose. 

A reference to Tables I and II shows that conditions (2) and (3) are 
vesry far from holding (the discrepancy being well outside the experimental 
error), for hsQmoglohiia and oxygen. For hsemoglobin and carbon monoxide, 
on the other hand, conditionB (2), and to a less extent (3), may be regarded 
as holding, within the ratlier largo experimental error, the discrt^paucy 
being mndi less than in Iho first case. The value of A// ({uoted for CO is 
duo to Adolph and Henderson,** and their dotonnination Lh not as accur¬ 
ate as Roughton's later work on Hb + However, Adolph and 

Henderson's value of 7000 cjil, for Hb + 0 | does not difTor much from 
Houghton's values, ancl gives confulcnco in their value for CO. 

Harfcridge ami Uoughton • showwl tliat the main burden Cor the olhict 
of pii on the diBHodatiou curve of flbOg (Le. pO^vs, % HbOg cciuilibrium 
curve), is to bo placed on the rate of dissociation ratlier tlian tliat of associa* 
tion. Since the curve for HbC^D Is offected in an identical fashion by pii, 
we should expect a similax effect of on cither or lx)th of the reaction 
rates, and most probably on iho dissociation rate. No such effect of pK 
on rate was observed in the CO case, and one can only condLudo that an 
eaxor has cr^t into those measurements. 

The average value of AH for reaction (3) of 4000 col. agrees weU with 
the difference between reactions (1) and (2), both at pn 9-5, as it should do. 

Data for hasmocyanin (M.W. 0*5 — 5 x lo*, a Cu-protein) and myo- 
globm M.W, 17,000) are included as a matter of interest. No regular 
effect ox moleculax w^ht can be observed, AH for the largest molecule 
haamocyanin lying in between the values for hflsmogbbin and myoglobin, 

*® Forises and Roaghtoa, J, Physiol, 1931, 7i» 229. Forbes, ibid,, p, a6i, 

^ Boughton and otiierB, Siochm* 1936,30, 21x7. 

** Adair, Proo, Roy, Soc, A, X925, 109, 292 ; /, Biol Chm., I925« 63, 529. 
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No simple regularities are reveaJed by the equilibrium data. It was hoped 
that the well-known relationship between the " span ” (shift in the a band 
on changing HbOa io HbCX>) and the equilibrium constant for 

HbO, + CO -= HbCO + O, « 

which holds over a range of haemoglobins (including myoglobin), might 
reveal the presence in all these haemoglobins of aii excited energy slate 
common to both HbO* and HbCO (».e. at the same level of energy taking 
the ground state of HbCO as an arbitrary zero). A simple calculation 
soon showed that this was not so. 

TABLE II.«* 


Kqulhbrinm. 

AH. 

JS. 

Pfl. 

Notts. 

St 

I. lib f Ojaq. ^ HbO, . 

— JO,500 

— 12 

9-5 

Hb froml 
ox blood > 

21 

>1 

- (>,550 

- 3 

b-8 

- J 


$» 

— 8,700 


7*3 

Hb from 
human blood 

24 

2. Hb + COaq. ^ HbCO . 

— J 5,000 

6 

9-5 

— 

-J 5 . 

3. HbCO 4-0, aq. 

2,700 

— 


— 

-i 7 

IlbOg -f COaq. , 

O.ooo 

— 


— 

28 

4. Hsemocyanin 

3iioo 

— 

H 



Hm + 0, HmO, 

5. Myoglobin . 

— 13,800 

- 2 i 



ZtJ 

My 4- 0 , ^ MyO, 

— 18,800 

-38 

HI 


j8 


* Values of AH* and AS refer to the reaction of one mole ol dlssolvod Oj (or CO) 
with the haemoglobin or other pigment* 

General Discussion, Assuming Transition-State Theory. 

In certdn ways the reaction Hb + CO is similar to that of Hb + 0 |. 
In each case the dissociation curve (equilibrium curve) is sigmoid, and 
effected in an identical fashion by ;^u. Recent work shows that HbCO 
and HbOi identical values for the dissociation constants of their 

hmm-linkcd acid groups.^^ Other facts emphasise a dissiinilarity. HbCO 
is sensitive to light, and therefore presumably has a different structure of 
electronic levels from HbO^* In the case of CO, the AS* values for both 
forward and back readons are more nearly normal than for Os» and further¬ 
more the rate data checks up much better with the equilibrium data. 

We cannot explain why the discrepancy between the CO and 0 | 
reactions is so marked. Certain suggesnons may bo made concerning the 
anomali^ observed in the case of 0|, but no reason can be given for the 
absence of similar anomalies in the case of CO. Since the data Cor Ot is 
very well established, it certainly merits a detailed discussion. 

The Theory of Successive Reactiotis.—^Adair,^* as a result of his 
determination of the M.W. of hsemoglobin as 68,000 (so that haemoglobin 
therefore contained 4 Fe-porphym complexes, or hsems), was able to give 
a rational explanation ox the sigmoid dissociation curve of HbOg. His 

“ Anson, Barcroft, Miisky and Oinnma, Proc, Roy. Soc. B, 1025, 97, Gi. 

** HiU and Wolvekamp. ibid., 1936, lao. 489. 

** Adolph and Henderson, J, Biol. Cham., 1922, 50, 4G3. 

Schtfler, Bioeham. Z., I93», agg, 474. 

Douglas, Haldane and Haldane, J. Physiol., 1912,44, 275. 

•* Bram and HiU, Proc. Soc. B, 1923, 94, 332. 

«• Millikan, J. Physiol., 1933, 79 » 158* 
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treatment was subsequently extended by Pauling.*® Briefly, to saturate 
a hjEmoftlobin molectDo 4 O* molecules require to be added, and nonnaJly 
the addition will take place in 4 sqmrato stops. Each O, added is to be 
regarded Jis increasing the affinity of the molecule for the next O, molecule 
to be added (i\c, there is an iuteraction between tlie oxy-lia*m groups in 
the Jurunoglobiu inolecnlo). liach successive stc]> niighl hav(‘ a difTorent 
lusit €)C reaction (as wt>uld be expiH:tcHl), aiul yet the overall heat ot rc'aclion 
j)er mole Og In* independent of the ratio llb/Hb()| as exjHnimeutidly 
obsorve<l (see Koughtou ®^). Since the uniinolecular and biinolecuiar 
coiLstimis appear to be indepeiuloiit of pcrconttigc saturation (/.£. tlicy are 
inie constants), it would ap])eivr Uuit all 4 steps must liave roughly the same 
value of the rate constants (n. 6781®). Clearly, however, they may have 
difl<Tent values of AS®* and. Ai/*, Series of reactions exist which jmssess 
very similar rates at the dioscn temporaturo of measurement, but which 
possess varying values of tlic activation energy. In other words, the most 
likely interpretation of the results is tliat Idle activated complex for ihc 
forward reaction is dillereut, and has a cliifcrcnt energy and entropy, fn)m 
that for the backward reaction, a suggestion which fits in plausibly with the 
intermediate compound hypothesis. I^^or the CO case one must conclude 
tliat while the activated complexes for the forward and back reactions 
(t.r. overall measured reactions) may still be different, all the 4 steps have 
similar values for the energy and entropy of activation. 

Tt is perhaps desirable to amplify the above siatomcni, since it might 
be taken to imply a cylical process, contradicting the x)rinciplo of micro¬ 
scopic reversibility. The overall reaction, simply formula*!^ by us as 
Hb + O* -V HbOi, in reality proceeds through inf ermediaie steps involving 
compounds of the typo HbtOi, etc,, which do not clillcr greatly from the 
final Hb4(0|)4 in their stability, vis. 


Hb4 -|- Oj —> Ii.b 40 g * 

Hb 404 Oj ITb4(0|)f « 
Hb4(0,)4 + 0,^Hb4(0,)4 

Hb4(04)s+0,->Hb4(0.)4 


( 1 ) 

(2) 

(3) 

(4) 


Our suggestion is that the overall association reaction, measured over 
0*75 % sd'turation, is mainly determined by tlio activated complexes of the 
fix^, or first two stops. On the other hand, the dissociation process, 
measured mainly over xoo — 40 % saturation, will 1)6 mohily doterminod 
by the activated complexes of the last two stops. This is an cuq)lajuitlon 
of a technical kind, only adopted after a soarcli for a more physical explana- 
tion had failed. For example, it was suspected tliat the abnormality of 
the Of reaction, not shown by the CO rcactiou, might in fact reside in the 
groat speed of the Tll>0| diss^ation, wliich lius a half-life of 0*02 roc. and 
is times more rajMd than the IIb(*0 djasodation. It was thought 
possible tliat the rate of enor^ fluctuation might bo the determining 
factor hero, but it will be sliown in the concluding section that this explana¬ 
tion is an unlikely one. In the association reaction it is passible that the 
heat of toaction of step i might bo retained within the molecule and not 
dissipatecl as heat, to ho used to activate stop 2, and so on. In this case 
a kind of intramolecular chain reaction would be set up, which would lead 
to discrepancies between true and apparent activation energy. In fact, 
in d efinit e speculation on this point is possible until the rate ^ta for the 
individual steps have been establii^eC and a rdiable theory of the role 
played by on ergy exchanges in rapid chemical reactions has been ostabli^ed. 

The Dissociation Bate of Oxyhsamoglobin.r-^ large values of 
AS* for the dissociation of HbO, are responsible mainly for the rapid rate 
of this reaction, and it is possible to indicate which is the most likely 
mechanism, out of the following probable ones, 

Pauling, JProc. Nai. Acad. Sei., 1935,21,18&. 
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(а) There is some eKperimental evidence that the hasm-proteiu frag¬ 
ments of M.W. 16,700 possess a certain degree of mdependence within the 
globular molecule of M.W. 68,ooo.*i If this is so, the formation of the 
activated-complex of oxyhssmoglobin might be associated with a loosening 
of the interaction between those fragments. Because of their high moment 
of inertia, a small increase in the rotational freedom of such a fragment 
will be accompanied by a large increase of entropy. 

(б) The formation of the a^vated complex is accompanied by a decrease 
in the polarity of the co-ordination bonds to the hmm, with a subsequent 
decrease in the force holding water in the hydration sh^ in the neighbour¬ 
hood, cf, point (c). This suggestion may be rul^ out as unlikely right 
away, as lie reverse effect is more likely to occur. Coryell and Pauling,'' 
on lie basis of their magnetic measurements, have shown the co-ordination 
bonds of oxyhacmoglobin to be covalent, and of hasmoglobin to be ionic. 

(c) The formation of the activated-complex is accompanied by a 
decrease m total charge on the protein molecule, with a subsequent 
" loosening *' of the hydration sh^. The reverse effect, suggested by 
Steam and Eyring, gave the first rational explanation of the large negative 
AS* values encountered in the Menf^iutkin reaction,'* It is probably 
responsible for the largo positive AS* values found in bimolecular reactions 
between ions of opposite charge,** and may be calculated to a first approxi¬ 
mation by the simple electrostatic theory of Bom.** A thorough treat¬ 
ment reaves a detailed consideration of the hydration-shell.*' 

{d) Tbe formation of the activated-complex leads to a certain degree oJ 
dismption of the protein structure within the units M.W, 17,000 referred 
to under (a). This again might be due to a redistribution of internal 
polarity aiid the rupture of hydrogen-bonds. 

We can rule out (a), by argument from myoglobin. This pigment has 
an M.W. of 17,000, and the hyperbolic dissociation curve that theory 
predicts for the primitive pigment, yet the rate of dissociation of oxymyo- 
globin is the same as that of oxyhmmoglobm.'* Wo have not data to 
calculate the activation energjy^, but it is unllkdy that this is less than for 
oxyhsemoglobin, and the eguflibrium data would point to a larger value. 
AS* for the myoglobin case is therefore probably at least that .for h&emo- 
globin, and yet for myoglobin the postulated effect (a) cannot arise, and 
it is therefore unlikely to be the operative &ctor in oxyhsemoriobin. 

Me chanis m {b) haa been ruled out, leaving mechainsras and (d) as 
the most likely, of those suggested. It is difficult to dadde between these 
two; in (d) the effects of pn might be expected to be more important than 
those of salts. Hartridge and Houghton found no effect of salts on the 
dissociation rate, but it was not possible to conduct a thorough experi- 
m e nt al test and the^ leave the point open. In most chomical reactioxia tlio 
activated-complex lies intermeoJate in properties between the reactant and 
the product. Such measurements as have been made find the isoelectric 
point for hamoglobin to be the same as for oxyhsemoglobin,*® and this 
would suggest the difference in polarity between oxyhaexnoglobin and its 
activated complex is sn^ and that mechanism (c) is unlikely. So the 
balance of evidence lies in favour of (d), but further eaperiment^ work is 
required before a definite picture of the activated-complex in tMs reaction 
can be put forward. 

The AS* values suggest a connection between the properties of the 
protein and the bonds to the Fe in hssmoglobin, which might properly be 

*1 Steinhflffit, J, Biol. Chom., 1938, lagi 543* A further referenco has only 
been seen m Chom. Abstracts, Roche and Chonalsch, Comptos Rondw, 1939, aop, 

^*Moelwyii-Hxighes, Proc. Roy. Soo. A, 1936, 155, 308. 

« C/, ref. 6(y, p. 434. 

** Bley and Bvans, Trems. Ra/radwy Soc., 1938, 34, 1093. 

*• See Abramson, Eledrold/ntitiG Phenomena, pp. 138,180. Catalogue 



l8o THE KINETICS OJ^' TIAEMOC^LOHIN KKACTIONS 


described as a resonance eliecl. lioih Warburg **• anti Michaelis liavc 
indicaicd the importance ol such a Tosonaucc, in lowering the activation 
taiergy for the reaction ol suKsirate and prosihetic group in en/ynic 
reaclion.s. This lowering oJ nctivntion energy by the ■|)roU'in would apjieiir 
to be im]j<irlani in the hannoglobin ease for the association reactions with 
<>• and ('O, lu the (iissnotitdon reactions exaiuincd, however, its <dlect 
apiK'iirs to be mainly oil the " tein|x*niture-in(le|XMident hwdor/'or A.S ■ 
term. 


ConcluRion. 

There are two points to note, h'irstly, in tlio dissociation ol llbOj 
tiicre is uo tcasonublo possibility of a cliaiu reaction. TlicroCore, in enzyme 
reactions very large A values arc not necc'ssarily to lie associated with a 
chain mechanism. Unless it has been proved otherwise, they may also be 
due to the ellccts associated with the internal frcoilom, or hydration, of 
the protein that have been tiiscussed above. 

Secondly, it might bo aske<l if the peculiar boliaviour of the IlbOg 
dissociation is not due to the application of transition-state theory to a 
case wIktc it should not bii applieil; namely to u case wliere the nile js 
governed by the redistribution o£ the tnie activation energy Ex, contained 
in a number (s) of degrees ol freciloin ot vibration. This point is disciiss<*d 
in detail for the general case in a forthcoming publication. In the present 
case it appears very unlikely, for the following reasons. Where the rate is 
governed by a distribution of energy, the appropriate equation is 


k ^ 



1_T 
(s - 1) 1 


e -njHT 


where A is the probability o£ the energy accumulating in the particular 
bond requiring it for reaction, and is usually taken as about lo^* see. 
The experimental activation energy is then 

Aojcp ^ Et — (5 — 

Therefore the true activation energy will be greater than 25,000 cal., 
and this serves only to increase the observed discre]7ancy with the overall- 
heat of reaction. Furtlior, pii lias a marked effect on the A factor, but it 
seems nither a strain on the theory to postulate an oITect of pii on A, or 
even on s. 

It is a pleasuru to ocknowlerlgo discussions with Professor E. K. Uideal 
and Professor M. Polanyi on tlio toiiic of this paixir. 


Summary. 

The data of Harlridgo and Roughton have been oni])loyod to calculate 
values o£ the energy and entropy of activatiou of the reactiouH of luimio- 
globin with Og and CO, in aA][uoou8 solution. These values have licou 
discussed with paxticuUtf roferonce to tbo energies and entropies of the 
rdated equilibria, with the following conduaions. 

The reaction with CO appears to be relatively normal by the standards 
of chemical kinetios. 

The reaction with Os is distinctly abnormal, the difference between the 
activation energies between the forward and back reactions being widely 
dlfiEerent from the heat of reaction. It is concluded that the a^vated 
complexes for the observed forward and back reactions are difieront, 
belonging to different steps in the chain of successive reactiems postulated 
by Adair. 


Warburg, Brg$h, Etutymforschung, 1:938, 7, 210. 
Mic hae lfii , Cold Spring Harbour Symposium, 1939, 7# S3. 
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The association reactions are marked by their low value oi the activa¬ 
tion energy, but the dissociation reaction of HbOa is marked by its hdgh 
value ol file entropy of activation. It is exceedingly unlikely tliat this is 
ail unreal value, due to a chain reaction, nor does it appear that considera¬ 
tion of the rate of energy-distribution in the molecule is important. It Is 
most probably clue to a loosening of the internal structure of the protein on 
forming the activated complex. 


REVIEWS OF BOOKS 

Temperature Control. By A. J. Ansley. Pp. viii -f 126. Loudon: 

Chapman and Hall, Ltd., 1942. X3S. 6d. 

The control of temperaturo is a problem which, in one form or another, 
arises in most laboratory or technical operations. Requirements are 
extremely varied : thus it may suffice to maintain a system within a few 
degrees of a given temperature in one case, while in another a control 
within 0*1® or less is essential. Tt is not surprising, therefore, tliat the 
most varied methods have been employed, though comparatively few are 
mentioned in standard books on laboratory teclmiquc. The author oJ tliis 
admirable little book describes many of tlicsc methods of control applic¬ 
able in temperature ranges between 0° and 1500®. They arc grouped in 
successive chapters according to tho ph3mical effects forming the basis of 
the regulating device, and include liquid expansion controls, vapour batlis 
and vapour pressure methods, metal expansion controls, gas expansion 
controls, methods based on the change of resistance with temperature, 
temperature controls using the photo-electric effect and thermo-electric 
current control. The three final chapters deal with temperature control 
as applied to scientific instruments (refractometers, spectrographs, micro¬ 
scopes and piezo-electric oscillators), with liquid baths and with air baths. 
Appendixes have also been includ^ on roLaySi galvanometers, the Wade 
and Merrixnan pressure manostat and thermal constants. 

The choice of the method most suited for any particuldr problem can 
safely be based on the details given hero. The author has appreciated tho 
limitations of some laboratories and has included descriptions of fhe 
simplest devices as Veil as of much more elaborate regulators, somo of 
which are commercial articles. In all, eighty-one diagrams are given, 
together with a large number of references to original papers. Many 
minor experimental points, upon the proper appreciation of which tho 
success of a piece of apparatus so often depends, are also fully explained. 
This is certainly a book which will be most valuable in research laboratories 
and in industry. Not its least merit is that, while it is highly informative, 
it does not present the subject in a final form. Instead it ofiers every 
encouragement for improvisation and for the improvement of existing 
methods. 


H. J. E. 
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A Treatlso on Ph3rsical Ghemlstiy, J£diio<l by H. S. Taylor and 
S. Glasstone. Vol. I: Atomlstlcs and Thermodynamics. (Van 
NoHirand ; Macmil]an. Ep. vii x 670. 4 as.) 

An extract from the clormtliou of chemistry ffiven in the O.K.l). is 
Caiomistry l^Vnins oh)fmisfrie, chi mi airy, chvmisfrv, chemistry ; “ tlie art 
and practice ot the clieinisl ; at first prolKibly contempt nous, cf, 
palrniidry, sophistry, casuistry, etc. 

Tliat branch oJ ph3rsical science and research wliicli deals wiih the 
several olcincntary substances, or fonns ol matter, of which all bodies 
are composed, the laws that roRulate the combination of tlicso elements 
in the formation of compound bodies, and the various phenomena tliat 
accompany their oxpo.suro to iliverse physical conditions. 

Under physical will be found ** In special phrases and collocations 
. , . Physical chemistry, that branch of chemistry which deals with the 
structure of molecules. 

Tf one accepts the above statements, tlicu Volume I of >1 Treatise on 
Physical Chemistry has little ii anything to do with physical chcniistry. 
Volume I consists of four chapters, each of which is a monograph on a 
special topic. Four further TOlumcs ou the same phui are in preparation^ 
*' to follow at intervals of several months, presenting in succession Slates 
of Matter, Chemical llquilibrium, Chemical ICiueiics mid Molecular Struc¬ 
ture.” Tb. 6 ro Is an im|ires&ivo amount of material in Volume 1 , and ex¬ 
tensive quotations have been made from articles and Ixioks of recognised 
authority. The four chapters will now be cbscussod scparaioly. 

Chapter I. The atomic concept of matter, by H. S. Taylor. This is 
an essay mainly about nuclei. Methods of measuring the fundamental 
constants, e, h and m, or combinations thereof, are described and the 
results given. Then follow the mass spectrograph and the nuclear masses. 
Nest come twenty excellent pages on the separation of isotopes (by dif¬ 
fusion processes, electrolysis and chemical exchange). The remaining 
forty pages are conccmecl with nuclear processes, and include compre* 
henaivo tables of stable isotopes and their abundances, and induced 
radioactivitios (taken fnmi Livingoocl and Scaborg^s article. Rev. Mod- 
Physics, 1040, 12, 30). 

Chapter IT. Quantum tlioory of atomic s]iccb:a and atomic siructuro, 
by S. Uushmau. This is an exoollont chapter. It is a careful account 
of the experimental facts on which non-relativlstic quantum theory rests, 
and a simpio treatment of Lho tlieory. llio stylo is reminiscout of 
Sommerfeld's Atombem, or Ruark and Urey's Quantam Mechanics. To 
those seeking a knowle^o of quantum mechanics witli a view to applico* 
tion in photot^emistry, chemical Idnotlcs and "chemical physics” 
generally, it would be dbSioult to recommend a shorter or more readable 
article covering the same ground. 

Chapter 111 . The first and second law of thermod3niainic8, by H. S. 
Taylor. This is an orthodox account of the first and second laws, supple¬ 
mented by tables of useful data, such as the heat content of gaseous hydro¬ 
carbons at N.T.P., and Joule-Thomson coeffidents, and by the standard 
partition functions for rotational and vibrational motion of molecules. 

No mention is made of CaratbAodoty's work. Suxdy it is time that 
at least a summary should appear in textbooks on thermodynamics. 
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Chapter IV. The third law of thermodynamics and statistical mech¬ 
anics, by J. G. Aston. This article is mainly concerned with thermo- 
d3mamic properties of crystals near the absolute zero. Many of the general 
principles of statistical mechanics aro discussed (11 1 method). The heal 
capacity of vibrators, ngid rotators and tops with internal rotators are 
worked out and experimental results quoted in illustration. Much of the 
algebra. oRen Icn^y, is given chapter and verse (a good point this; 
provided it is done well enough, os appears to be the case here). The 
third law, slated in the first ten pagas, is then used to evaluate the 
equilibrium constants of chemical reactions involving crystalline solids. 
This leads on to a discussion of energy levels and heat capacities of 
crystalline solids and to an account of paramagnetic cooling methods. 
Throughout the axiicle, full quotations arc made of the experimental 
results. Finally, there is an appendix giving tables of useful thermo¬ 
dynamic functions of the harmomc oscillator and the internal rotator. 

Finally, a few comments on the book. If one is Xoniiliar with some 
special topic and wished to check some small point, one would not as a 
rule go to this book. Instead one would know where a fuller account 
was to be found in a specialised book. If, on the other hand, one wished 
to get a quick survey of a field, with full references to more exhaustive 
accounts, Vol. I is the sort of book one would try. Sometimes, one would 
be lucky and got the whole thing in exUn^o ; more often, it would be 
mentioned briefiy and references given to more specialised accounts. In 
a few words^ then, Taylor and Glasstone have«produced the first volume of 
a series that promises to be of the ty^ they desired; Vol. I will be in¬ 
valuable in any centre where research on atoms or molecules is in progress. 

The piintiiig, binding, diagrams and paper are all of the highest quality* 
The price is reasonable. 

W. G. P. 


Volumetric Analysis, Volume I, By I. M. Kovmom and V, A. 
SxBNGER. (Interscience Publisheare, Inc,, New York. 1942, l4«5o, 

Pp. XV and 309.) 

Additions to the literature of quantitative analysis which candidly 
discuss the merits, errors and field of usefulness of well-studied methods 
or which lay em ph a si s on the principles of analytioal procedure in general 
will alwa3^ be wdeome. The present volume deals thoroughly with the 
theory and errors of volumetric analysis but, while many det^tninations 
are mentioned, the manipulative details are deferred to the second volume. 
The fourteen years which have passed since the appearance o£ the 
first edition in En g li s h have seen a great many developments, which 
have necessitated a very considerable extension and revision. The latter 
might advantageously have been more rigorous; the atmosphere of 1928 
still lingers, for example, in the chapter entitled " Reaction Velocity/' 
Errors are neither numerous nor serious. Exception must, however, 
be taken to the confusing use (p. 155) of ^ as a symbol for concentration. 
There is a vast amount of valuable information and expericacc col¬ 
lected in this volume and it can be recommended to all those interested 
in analysis as a means or an end. 


D, W. G, S. 
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Hydroften Ions. Their Detormlnaiion and Importance In Pure and 
Industrial Chemistry* I^y FI. T, S. Britton. Third Edition in two 
volunica. (Cliapninn & llnll. London, 440 and ^164 ])p, lilach 

V(»1U111C, 36H.) 

In iLs third odiiion, this well-known ni(nio|T;ra])h has uiuUTgono a 
welenmo chnngo. In place nl ilie iiiroiivcnienl bulk ol the second edition 
it now a])pe!irs in two luanagcable volumes which ('an be ('omfortnbly 
held in one hand. What may l>o lorniod Ihn aciuleinic sedion i« contained 
nuiinly in the first volume, while the sesjond is devoted to the technical 
appli(*jdl<)ns loRolhcr with some matter of more academic cliaractcr which 
has ovcrflowofl from the first. 

In spite of war dillicultics, the work 1ms been considerably extoudod 
and brought up to dale. Old cliaptora have bc'cn subdivided and several 
new chapters have beson included, Ln particular, Redox Potentials, a 
noteworthy omission from tlie previous oclitioas, im* now treated in a 
special elmidcr. In conscquonco the number of pages lias been increased 
by some 50 per cent. 

Many of the diagrams have bcjcn redrawn with gain in their clarity. 
The printing and binding are fully up to pre-war quality. 


Synthetic Resins and Allied Plastics. I£ditcd by R . S. Morruz.l. Second 
Edition. (Oxford University Press, London: Hnm3)hrcy Milford, 1943.) 
Pp, xii + 580. 35«, 

Much of the matter in this second edition has been rewritten and the 
whole Tx)ok has lieon carolully revised. The general lay-out is similar 
to Uiat o£ the first edition. The various chapters arc ^veii under the 
authority of caq)erts ; for instance, Dr. Yarslcy writes a chnirter on Protein 
and Cellulosic Plastics, Dr. Hill on tho Vinyl and Acrylic Acid Rosins and 
Mr. lievnn on the Alkyd J^eslns. Tho chapter on the Causes of Resinifica- 
tion has been very considerably rewritten by Ih:. Morrell under tlie title, 
** The IToblcms of Rt^siniUcaiion/* and now appears as two soparalo 
chapters, tho first o£ which might Imvo been given the sub-Uoading 
‘'(k^ncnir* and the sijcond ** Specific.** 

llic hook briugs the subjoct well up to date, U neccHsarlly includes 
a great deal of matter wMch was not prosent in tho i()37 edition and there 
ore now 580 pages iiwtoad of 417. 'I'ho blomiahes which the reviewer 
found in tho first edition have boon removed. This will be found to be 
a valuable addition to the library of all who arc interested iii Tcsins and 
plastics. 



MAGNETOCHEMICAL INVESTIGATIONS. 


PART 1. INTRODUCTION AND EXPERIMENTAL 

TECHNIQUE. 

By W. Rogie Angcs and W. K, Hill. 
deceived ist February^ 19^(3. 

Not only did the exhaustive and systemalic investigatioiis o£ Pascal ^ 
from 1908 to 1925 establish the additivity ol magnetic susceptibility but 
they have, particularly in regard to organic compounds, been instrumental 
in strengthening the relation oC magnetism to chemistry and molecular 
struetpre. Since susceptibilities are additive it follows that every atom 
and ion can be assigned a definite value. Pascal, from a study of numerous 
diamagnetic compoimds o£ widely diflerent molecular types, deduced 
values for a large number of atoms and groups. It must be emphasised, 
however, that these values arc not for free atoms but for atoms combined 
in a molecule. Thus, a large number oE attempts have subsequently been 
made to obtain values for free atoms and for ions ; and two main lines of 
approach to the problem have been used—evaluation from exi>erimontal 
data and calculation from theory. But the various methods do not lead 
to concordant values oven for the simplest types of atoms, those having 
an inert-gas configuration.* 

The v^dues for atoms deduced by Pascal require to be corrected because 
he used the vsdue of — 0*75 • for water, whereas the accepte<l value now 
is » 0*72. These corrected atomic susceptibilities, used aclditiveZy, yield 
values for molecular susceptibilities in fairly accurate agreement with 
experimental data; but a critical examination reveals iimonsistencies. 

The results now xe]^rted represent the initial measuxemonts in a big 
programme commenced in 1938 and now temporarily suspended. It is 
the purpose of these investigations to ascertain whether the inconsistencies 
already referred to are real or not. A probable cause is the variety of 
experimental techniques which have been used by the difierent workers 
in this field. Much of the published work gives no details of the technique 
of the measurements or the methods of purifying the substances examined. 
In this paper a modified Gouy method and its calibration will be briefly 
described. The necessity for rigorous purification of substances cannot 
be too strongly stressed; even traces of impurity may substantially alter 
the value of the susceptibility. But errors may arise in spite of the utmost 
care in purification unless the investigator always follows tihesame 
technique of measurement. 

Experimental Arrangement. 

(a) Susceptijbillty Tube,^—^This was a fiat-bottomed glass tube having 
two solid gla^ aide-anns, and fitted with a ground glass stopper to prevent 
contamination and, in the case of liquids, evaporation. 

(fc) SospenMon System^—The tube was suspended from one arm of a 
sensitive chemical balance by means of an enamelled copper wire and 
stirrup, into which the aide anna of the tube were placed, so that it hung 

^ {a) Compt rend,, 1909, 149, 342; (b) Ann. Chimie, 1910, 19, 5; (<?) BuU, 
Soo. Chim,, 1911, 9, 79 ; (d) ibid,, tgxi, 9,177 ; («) Compt, rend,, 1925,180,1596. 

* Angus, Ann, R^,, 194X, 38, 27. 

* SnsceptiblUty values have been multiplied by 10* 

9 i8s 
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at rest with its lower ciul at the centre of the gap between the pole pieces 
of the electromagnet. An ordinary balance pan hung from the other end 
of the balance beam. Weighings were made by the method ol swings using 
N.P.L, certiliccl weights and, to enhance the acciimcy of weighing, the 
suspension s^jrstein and the suscepiability tube were enclosed in a draught- 
pront lw)\, the front <)f which could be removcil so as to p<n*init oi adjoxst- 
inoul ol the susceidibility Uil)e. 

(c) Kloctromuguet.-A'onsirurtional details oi the elerinnnagnet are 
shown in t'lg. i and nMpiiro only brief aniplification. The apjaaratus 
^va^ ctmiplelely made in Uiis dcparlnieJit. The magnet coils <‘ach con¬ 
sist ol 1200 3^rdH of No. i8 s.w.g. double cotton-covered copper wire wound 
on ail insulating cylinder, each layer being painted with shellac vanush. 

The completed cods were 
baked for bcvcral hours 
before assembling and 
gave a resistance of 
150 ohms in herics. 
The tops and bottoms 
of the bobbins were 
circular A inch brass 
plates. The magnet 
cores and polc-pieccs 
were made from 2-inch 
sciuarc Low Moor soft 
iron and were connected 
by J-inch bolts. These 
bolts passed tlirough 
elongated slots in the 
pole-picccs, thus en¬ 
abling the gap to be 
adjusted to any desired 
width, and were screwed 
into the magnet cores. The whole magnet was fixed rigidly to a thick 
wooden base by J-inch bolts which screwed into the bottom ends of the 
cores. The coils heated up slightly when the current was switched on 
and to obviate alteration of the temperature of the gap—and thereby of 
the specimen beiug examined—asbestos paper was placed between the 
brass plates and pole pieces. The current supply was 230 v. D.C. 
Constancy oi tlio current supplied was maintained by n circuit consisting 
of a moving coil ammeter with a linear scale and a slide wire regulating 
rosistanco of 73 ohms, 3*3 amp. crintinuous rating. Jxi order to prevent 
the excossivc rise of voltage, duo to discharge of the magnet coils when 
the current is switchocl oif, a secondary circuit was incorporated, ft con¬ 
sisted of a 500-ohQi discharge rcsiKtauce, made by winding 40 yards of 
No- 30 s.w.g. bare nichromc resistance wire, and a control switch arranged 
to connect the resistance across tlio magnet coils before the current is 
nterruptod. 

Calibration of Apparatus. 

(a) General Considerations. 

The theory of the Gouy method is sufficiently well known that it need 
not be given here: the expression for the susceptibility, x* simplifies to 
X « (c + ojF)w, where c ■« kJA and a «=• — H**); =» volume 

susceptibiliiy of air; jP* =» force acting along a cylinder of material of 
length I, weija^t, w, and internal cross-section^ area, A. 

The CQna&ncy of a depends on the constancy of {H^* — H**) and finally 
on Hi and Hi, tne field strengths at the bottom and top of the column. 

Hi should be constant over several mm. on each side of the centre of 
the gap and the top of the column of the specimen must be at such a distance 



Fig. I. 
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from the cciilrc of the gap that Hi* is negligible compared with //i“. The 
direct measureraent of and if a by a Iluxmeter gives values which are 
suspect because 
lliixnicter deflec¬ 
tions cannot bo 
rend with high 
accuracy. A more 
accurate method 
of (letennining oc 
is by rciercnce to 
certain compounds 
which are readily 
obtained pure and 
lor which accurate 
magnetic data arc 
available. J^'urthcr 
factors which de¬ 
mand tile utmost 
care are the height 
of the column, 
fllhug the tube 
exactly to the ap¬ 
propriate gradua¬ 
tion mark, and close and unifonn packing when solids are l)eing examined. 

(6) Variation in flux density witli current was determined, using an 
ebonite search coil in a t cm. polo-piece gap with its leads connected to 
a Grassot fluxmotor, over the current ninge of 0-04 to i'3o amp. and 
from the data (Table I) it will be seen that an approximately linear 
relationahip exists between current and field strengtlLs and that the satura¬ 
tion point of the cores lies beyond the available maximum current supply; 
B is the mean of approximatdy 8 fiuxmetcr deflections and represents a 
field strength, Jf, of if^.oooBjnA gauss (n no. of turns; A « area of 
coil). 

TABLE 1 



AnipB. 

0. 

B (gautts.). 

0-94 

79-11 

6240 

0*96 

79-04 

6240 

0*98 

79 59 

6290 

I«00 

80 20 

6330 

t*oa 

80-48 

6360 

1*05 

80-73 

6380 

1*06 

81*24 

6420 


Amps. 

0 . 

H (gatw). 

wm 

81*62 

<’^50 


82*12 

6490 


82*70 

0330 


83’20 

6570 

1*20 

83-48 

(>t>00 

1*24 

84-41 

W>7o 

1*30 

85 

O730 


It was decided to use a field strength of 6600 gauss (vz amp.) in 
subsequent measurements. 

(c) Variation in flux density with distance from the centre of the 
gap was determined in two ways ; (i) by a search coil, the position of which 
could be altered veiticaJily, (ii) a column of copp^ sulphate. 

The variation of B, fluxmeter deflections, with ciistanco of the coil 
from the centre of the gap is given in Table 11 ; the negative sign indicates 
distances below the centre of the gap. 

These data indicate the symmetriGGl diminution in field strength a.s 
the distance from the centre ol the ^p increases and that tiae field strength 
at 6 cm. or more from the centre is practically negligible compared with 
that at the centre. To check thorn a susceptibility tube with a 10 cm. 
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TAliLE IT 


fl! (rm) 

. +(»-o 

. «-5 

+5.0 

ri'<) 

+^■0 

22 *() 

-I-J-O 

f>7-o 

+-!-5 

+ 3*0 

Tr 3'5 

4 * 1-5 

3 T 3 *f> 

tl (cm) 

(i . 

. 1 1*0 
. n.V 3 


n*nln‘ 

-2*0 

110*8 

-.1*0 

rt»*2 

- (>*o 

«7 



cohnnii of fincly-ffi’ound, rocrystiillised AiuilaJ< CuSOj, sIl^O was sus- 
peuded by a movable copper stirruj) with tlio botiom of the tube in 
the centre of the gap. The tube and conlenis were weighed; then with 
a current of 1-2 amp. pasHtng tlm)ugh the coils it was re-weighed. The 
diilerctice in the two weighings gives the pull F due to the magnetic field. 
I'he results, which are tabulated in Table TTl, arc in very good agreement 
with tlie search coil data but refer only to heights above the centre of 
the gap. 

TABLE III 


d (nti.). 

Woiglit (gm.) with Cmteat— 

F(gm.). 

rt(8in.). 

00. 

On. 

contxo 

74*8291 


0’0498 

0*2231 

0-35 

14*8291 


0*0494 

0*2223 

0*50 

14*8291 


0*0492 


0*74 

lipSagi 


0*0490 

0*2214 

1-13 

14*8291 


0*0481 

0-2189 

1*55 

14*8291 


0*0474 

0*3777 

1*92 

14*8291 

14 ■87(10 

0*04(19 

0 *2XC>(> 

2*70 

14-8291 

14-8372 

0*0281 1 

0*1677 

3-30 

14*8291 


o*oo8o 

0*0654 

4*05 

14*8291 


0*0014 

0*0374 

4*72 

14*8291 


0-0001 

0*0100 


It is clear, therefore, that only a negligible error will bo introduced 
if columns longer than 6 cm. are used. Accordingly, susceptibility tubes 
were etcliwl at o and <>*5 cm, ami the longer column was used whenever 
HulCicicnt material was available. 

({/) Determination of C.—The volume susceptibility of air, #f|, is 0*029. 
'rims the evaluation of G ( icg/*'!), since the dciiulto longtlis of column 

to bo used ill making m<*asurcmouts Jiad been decided upon as (>*o and 
6*5 cm,, consisted in moasiuing yi, the internal cross-sectional area of the 
susceptibility tube. The average value for A was found to bo 0^2026 
bq, cm, and C is, ilierohro, 0*03047 for the 6 cm. column and 0*03951 for 
tlio 6*5 cm. column. 

(f) Detormination of a.—To evaluate «tho values of I and (/fi* — faft®) 
must bo known accurately. It was considered advisable to use a relative 
method in which a was measured by reference to chemical substances, 
readily obtained pure and havi^ accurately-known magnetic siisc(5)ti«* 
biUties by makhig a ** susce^timlity ** measurement on findy-ground 
powders. F was determined and hence a could be calculated. 

By this procedure values of at for 6 cm. and 6*5 cm. columns of specially 
purified salts were obtained (Table IV); the values of x were obtained 
from the data of Jackson»and Sugden.* 

* PMl, Trans,, A, 1924 , 304 , x. 

1933 * *61. 
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Conipcnmd. 

o»c. 

r- 

If (gnu). 

•/'-(mg.). 

a. 

b cm. coUmn. 

NiSO^. (Nrr,),SO^, 

t8*4 

10*485 

1-80734 

7«-ti3 

0*2!|22 

FcSO^.CNlTJjSO^, 011,0» , 

rO*5 

3^-<>55 

0*78560 

103*800 

0*2479 

FeSO*. 711 , 0 ' 

i8*4 

3 -*- 44 f> 

0-77008 

101*347 

0-2462 

19-8 

41*008 

0*77517 

129*235 

o*245« 

CUSO4, 5^,0^ 

21*0 

40-840 

0*75810 

127*500 

0*2471 

l8*o 

6*020 

1*98328 

48 * 05 « 

0*2477 


i8*o 

6*020 

175310 

47*500 

0*2497 

6*5 cm. column. 






N1SO4. (NHJiSO^, CHaO 

i8*8 

10-472 

1*96309 

7 ? 5-349 

0-2618 


25-0 

10*270 

1*87020 

73MOO 

0-2610 

FeSO^. (NH4),S04, 6HaO 

t8*o 

32*4C)o 

0-84800 

101*200 

0-2699 


10-0 

3^-314 

0-83183 

100*728 

0-2665 

F0SO4, 7 H ,0 

18*2 

41*232 

0*82425 : 

127*991 

0*2653 

C11SO4, 5^|0 ... 

22*5 

40-630 

0*82850 

127*310 

0*2655 

17*1 


2*14675 

48*219 

0*2623 


IQ-O 

6-140 

2*11300 

47700 

0-2709 


The average values thus obtained were : 

6 cm. column: a « 0*247 ±0*0®^ I ^’5 column: a -- 0*265 ±0-001. 

These data, of course, refer to only one tube; for every tube similar data 
must be obtained. 

To check these values, and in order to have a convenient method of 
standardising susccqptibilily tubes, a solution of nickel chloride {21*650 g. 
Ni per litre) 'was pr^ared. The susceptibility of this solution was then 
determined using the appropriate value of a, the anal3dHcal data, and the 
equation x = — (i — where c, is the ‘weight of NiQ, in the 

solution -f- total weight of solution, Xw is the mass susceptibility of 'the 
conductiviiy water (= —0732), and x x* are, respectively, the mass 
susceptibilitios of the solution and NiQi. This yielded an average value 
of 4478 ± 9 which is not only in excellent agreement with the recorded 

TABLE V 


r«. 

• (guu). 

Femg,). 



Bxp«rinieiLi&l. 

Theoretical. 

290*0 

1-4877 

22*719 

4*095 

4*088 

+ 0*007 

290-5 

1-4877 

22*662 

4-083 

4*080 

4- 0*005 

290-6 

1*4867 

22*606 

4*077 

4-078 

— 0*001 

291-8 

1-4877 

22*507 

4-057 

4*059 

— 0*002 

292*8 

1-4867 

22*422 

4*044 

4*043 

+ 0*001 

293*0 

1*4878 

22*390 

4-036 

4*040 

— 0*004 

2937 

1*4863 

22*324 

4-028 

4*029 

— 0*001 

294*1 

1*4865 

22*294 

4*021 

4*022 

— 0*001 

294*5 

1*4867 

22*288 

4*021 

4*017 

+ 0*004 

294-8 

1*4367 

22*267 

4-017 

4*0x2 

+ 0-003 


* Proc. Acad. Sci. Amsterdam, 19x5, iS, 2^6. 
« Physic. Reo., 1921, 17, 697. ^ 

’ Pfoc. Roy. Soc^, A, 1939, 173, 313, 
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values of Woiss and Bruns (4448),* Brandt (4423),* and Nettleton and 
Sugden (4^68) ’ but aJlords excellent conlirmntion of llie values of a 
deduced (Tabic TV). I Periodically a was redetermined, using NiCl,, in 
order U> ensure accuracy and feclf-consibtency of rebults. 

A further check w*as rcudcrctl jxxssible through the kindness of Professor 
S. Sugtlen, hMi.S., who gave us a sample of a concentrated solution ol 
NiClj whicii luwl been analysed and oxamiuod nuignotically by him at 
TTniversity ('tdloge, I-xmiUm. Since NiC'l* obeys the law 

X, - tO03o;tr/r - (l - m)xw 

where x - weight of NiCl* per g. of solution, and Xio = susceptibility of 
water, X* ~ susceptibility of i g. ot solution at Abs. can be calculated. 
The Vtalues thus derived for x# given in Table V in the colunm headed 
"Theoretical." Also included in this Table are the values we obtained 
by measuring x# at diflerent temperatures using the values of a reported 
above. 

These various data show very clearly the accuracy of the staudard- 
ihation f}f the apparatus and the consistency oE tlie experimental technique. 

Summary. 

A modified Gouy method Cor measuring magnetic susceptibilities is 
described. The electromagnet gives a field of 6,600 gauss at 1*2 amp. 
for a pole-piece gap of i cm. Calibration of the app^tus is discussed 
and the need for making measurements by a stand^dised technique is 
stressed. 

It is a great pleasure to express our thanks to Professor W. K. Willianis, 
Head of the Department of Applied Electricity, for advice regarding the 
d^gn of the dectro-magnet and for the loan of the Grassot fiuxmeter; 
to Mr. M. W. Humphrey Davies, Lecturer in Applied Electricity, for 
preparing detailed plans of the electromagnet and supervising its con¬ 
struction ; to Mr, T. R. Jacobs, mechanic in thi.s Department, for the 
painstaking and skilful manner in which he corustructed the electromagnet; 
to the Low Moor Steel Co. Ltd,, for the gift of the soft iron from which 
the cores and pole-pieces were made; to Professor S. Sugden, F.R.S., 
for helpful advice and discussion. 


PART IL THE DIAMAGNETIC SUSCEPTIBILITY 
OF THE >CHa GROUP. 

ITrom the diamagnetic susceptibilities of a large number of compounds 
constituting dilferont homologous series I^cal obtained a moan value 
of — n'86 for the susceptibility of the >CH| group. This was ob¬ 
tained hy subtracting the molecular susceptibilily of any compound 
from that of its next higher homologue and the m^od implied that all 
homologous series were built up by the successive addition of >CH| 
groups. Consequently, the same value should bo obtained from all 
series, irrespective of their chemical properties. This view is, indeed, 
maintained by Bbatnagar and Mitra,^ who critically examined Pascal's 
values and corrected them to the standard value of Xno* ^om 
Xh^ » — 0*75 to Xh^o ““ ^ result they conduced that the 

(numerically) maximum average value of Xon, ix*68. Pascal, 

however, obtained an average value for x^a, ®o®ae series which was 

^ B b atna g ar and liCitra, /. Indian Chm. Soc,t 1936, 13, 329, 
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considerably different from his mean value, e.g,, for nitrocompounds ho 
gives — 11-42. 

Various attempts have been made to re-examine homologous series 
•with a -view to determining the > CHj increment and its variation with 
the nature of the ter¬ 
minal group of the 
hydrocarbon chain. 

All these attempts 
suiter from the defect 
that too few sub¬ 
stances have been ex¬ 
amined to warrant far- 
reaching conclusions. 

Cabrera and Fahlen- 
brach ^ examined 
7 normal alcohols ; 

Woodbridge *—acetic 
acid and 5 normal 
acetates from methyl 
to amyl; Gray and 
Cruickshank«—^3 homologous scries, organic nitrites, nitrates, and nitro¬ 
compounds (in all, 8 compounds were examined); Bhatnagar, Mitra and 
Xuli •—aliphatic alcohols, monocarboxylic acids, and osiers (15 in all), 
and 5 benzene hydrocarbons ; Farquharson and Sastri •—5 worwo/ mono- 
carboxylic acids. Thus, at the commencement of the investigations the 
question was unanswered and confused as tlie results in Table I show. 

The contemplated programme, temporarily di.scontinued, included a 
systematic re-investigation of a large number of homologous series under 
carefully controlled and standardised conditions. 


TABLE I 


AuUior. 


Pa&c«\l (corrected) 

Cabrera and Fahlenbrach 

— 11*42 to —11*86 

— 11*48 

Woorlbridge 

— Il 4>7 

Gray and Cruickshank . 

-11*87 

Bhatnagar, Mitra and Tuli . 

—11*30 

FarqnhaTbon and Sastri 

— 11-04 

This isapor (P4U»car.s method) 
This paper (Farquliarson and 

— fi *08 4 0*02 

Sastn's method) 

— 11*09 \r 0*003 


TABLE II 


Sample. 

«(scami). 

F(mg.). 

“ 

J. 

A 

r 1-0385 
i 1-0383 
11-0384 

— 2*698 

— 2*696 

— 2*691 

0*663 

0*663 

0*662 

■f 0*003 
-f- 0*003 
-h 0*002 


r 1-0398 

J 1*0406 
] 1*0403 

L 1*0404 

— 2*691 

— 2*685 

— 2*691 

— 2*689 

o* 60 l 

0*660 

0*661 

0*66o 

-h 0*001 
0*000 

H- O*O0T 
0*000 

B 

1*0385 

— 2*672 

0-037 

— 0*003 


f 1-0383 

I 

L1-0381 

— 2*694 

— 2*663 

— 2*666 

0*662 

0-655 

0-655 

•f 0*002 

— 0*005 

— 0*005 


/1-0389 
\ 1-0388 

-2*698 
— 2*676 

0*663 

0*638 

+ 0*003 
— 0*002 


from sample A by redistillation; readings obtained 
of the tube are bracketed; w, F, and xi have the 
in Part 1 ; A is the deviation from the mean value 


Experimental. 

PurhOtcation of 
substances was 
carried out by stan¬ 
dard methods and 
until constancy in 
the value of the 
mass susceptibility 
was obtained. 

Measurement of 
Susceptibility.— 
Using '&e apparatus 
described in Part I 
the value of xt was 
determined at least 
six times for each 
aubstanco. Thcdaia 
for methyl alcohol 
in Tabic II Ulustrato 
the method and the 
accuracy. (Sample 
B was obtained 
with the some filling 
same significance as 
X.)- 


* Cabrera and Falilenhiach, 2 . Physic, 1933, ^Sf 5 ^- 

• Woodbridge, Fhy&ic, JRov„ J935, 48, 67a. 

* Gray and Cruickshank, Trans. Faraday Soc., 1935, 31, 1491, 

B Bh a t nagar, Mitra and Tuli, Phil. Mag., 1934, 4 ^ 9 - 

• Farquharson and Sastri, Trans. Faraday Soc., 1937, 33 » ^ 47 ®* 
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106-1/754 } 0-8864 ^‘3871 I 0-644, ®5'83 

97-1 745 I 0-8772 1-3835 ! 0-634, I 60-79 

I22-7;747 , 0-8751 1-3960 I 0-674, I 78-38 
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The moan value nf xt i-i — 0*660 and the error ol the mean is 

= 4 : 0 * 0005 . 

IciuUnft to a vahio o£ -- ^or the molecular susceplibilily (nuiI, wt, 

32-0.|2). 

The data so far obtained are eollt'oletl in Table III. 

Sonic aldehydes and ketones liave also been exaimiicd by Mr. Emyr 
Itoborts, but the data on these series do not show the same self- 
consistency as the series in Table III and, accordingly, they an* ^\ilhhdd 
until they can be confirmed. The aldehydes a])pear to yield a slightly 
lower and the ketones a slightly higher value for Xqu, wow 

reported. 

Discussion. 

Before discussing the derivation o£ Xqh frotn the data in Table III 
there are several noteworthy features to which attention is directcil:— 

(i) it will be observed there is a definite difterence between the nujle- 
cul(^ susceptibilities of a nomuil compound and its i 50 -isomoridc; 

(ii) iso- and wc.-isomcrides • have approximately the same values 
Xii > 

(iii) conversion of an acid into its methyl ester yields a value of 
approximately x unit (numerically) less than the value deduced from the 
various aeries, t.e., — xo'6G instead of — 11*69. This last observation 
docs not appear to have been made by previous workers, who, in fact, 
report an increase of the normal magnitude in passing from acid to methyl 
ester. Nevertheless, the excellent agreement between the values of 

now recorded and recent data of other workers {e,g,, acetic acid: 
— 31*52’; — —31*9=^^; this paper —3172) and the self- 

consistency of the data, paiticularly on esters, aflord strong support for 
believing that tlio report anomalous value of is real. (Sec also 
Part TIT.) ’ 

To deduce the value of values ol xj/ iu Table Ill it is 

possible to proceed by two methods, duo to Pascal *« and to Farquharson 
and Sastii, * respectively. Both have been used and both 3niold practically 
the same result, but the mctho<l of Farquhorson and Sastri is preferred for 
reasons which will bo given. 

’ llao and Norayanaswamy, iVac. Indimt Acad. Sci., A, 1939, 9, 33. 

^Calirom and Mandinnvoitia, Aim. Soc, Jt£sp.fi8. qttim.t x()32, 30, 528, 

*llonrichson, Ann. l^hysih, 1888, x8o. 

M Varadaebari, l^roc. Indian Acad. Sri., A, 1933, 

»^Nevgi, /, Univ. Bombav, r938» 7> 74. 

“KMo, Sci. Rtjb. Tohohu Univ.» 1933, 21, 383; 1933, 22, 833; Jtiep. 
Yohohama Tech. Cou., 1932, No. 2, 203. 

WMalhur, Indian J. Physics^ I93ii 6, 307. 

^^Bhatna^ and Mathur, Phil. Mag., 1931, 11, 9x4. 

“ Kido, Rep. Yohohama Tech. CoU., 1934, No. 3, 203. 

Cabzera and Fahlonbradi, Z. Pkysih, 1934, 89, 682. 

Pascal, Compt. rend., 1909, 149, 343. 

Bodter, PAyw. lUo., 1933, 43 > 756. 

« Rao and Sivaranoakrishnan, Indian J. Physics, 1931, 6, 509, 

» Salceann and Ghoorg^u, Compt. rend., 1933, ^>© 0 t 
» Rao and Vaiadachari, Proc. Indian Acad. Sei., A, 1934, 77* 

** Ranganadhan» Indian J. Physics, 1931, 6, 421. 

« Pascal, Compt. rend., 1935, x6o, 1596. 

Rao, Indian J. Physics 1934, 4 ® 3 * 

“ Kido, Rep. yohohama Te^. Cod., 1934, No. 2, 233; Sd. Rep* Tohohu 
XJniv., 1936, Mf 701. 

* The snsceptiUlity of isomerldes is discussed in Part III 
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Tn the Pascal method individual values of ^on, obtaincfi hy sub¬ 
tracting xyi ^ compound from Xj^ higher homologuo. The 

values thus obtained are then averaged for the scries so that, virtually, 
the value is obtained by subtracting Xj^ the lowest homologuo from 
Xj^^ for the highest and dividing by the number of interposed >CH, 
groups ; values ior intermediate members are ncglcctetl, Conscciuently, 
the accuracy of Xq^^ will depend entirely on the accuracy of xj^ IJio 
lowest and highest hoinologuos, and, thus, ultimately on the purity of 
these compounds. Application of this method to the series in Tabic IIT 
yields a mean value (from 31 individual values ; extreme vadues: — ir»29 
and — IT*95) Xon, — ii'68 ± 0-02. 

On the other hand, the method of Parquharson and Sastri involves 
the using of individual values of xjig for each member of the series. Values 
of Xm plotted against «, the number of >CH, groups in the molecule. 
The straight line olrtained can be represented by the equation 
where 6, the intercept on the x^ axis, represents the susceptibility o{ the 
member of the series with « ^ o. Plots of x^ against n for the various 
series yield appropriate values of b and hy subtracting h from any xj/ 
value the contribution due to n . x^u^ obtained and hence the dia¬ 
magnetic increment of the >CH, group. When the method is applied 
to the present results the values in Table IV are obtained; details are 
given for alcohols only. 


TABLE IV 

I. Alcohols. (General formTilar--(CHi)-HOH). 

Normal, Branched, 




n . 

I 

2 

3 

4 

3 ^ 

4 

5 


21-15 

33-05 

44-44 

3 <i-i 5 

45*68 

57 * 2 1 

68*96 

— b 

9*5 

9-5 

9-5 

9-5 

10*5 

10*5 

T0*5 


11-65 

23-55 

34-94 

46-65 

35 -ifi 

46*71 

58-46 

XoH, 

11*65 

11*77 

11-65 

11*66 

11*73 

11*08 

11-69 


2. Adds. (General Formula—(CH|)*HCO|H). 

3. Maihyl Esters, (Gonoial Formulor--(CH,)^HCX)|CH4). 

4. A cetates. (General Formuli^--CHaCOtH(CIIt)«) * 

3. Ethyl Esters, (General Formula—(CITi)*HCO|C*H,). 

6, Propionates, (General Formtdar--C|H5CX)|H(CHj)J. 

7. Butyrates, (General Formttlar--<:^H,CX)tH(OT 


8. Iso-Amyl Esters, 


CH, 


(General FormB]a_{CH,),HCO,CH,, CH,. in—CH) 

9. Benzoates, (General Formula^--C4H|CX)*H(CH4) J 

10. Esters, [Norfnal,) 

IX, Esters. {Iso-,) 


ii'7i 

11*09 

11*63 

11*07 

11*69 


I171 

11*70 

11*70 

11*69 


In all, 57 individual values of x^ja^ were used (ranging from — ii*6o 
to^ — 11-78) and the mean value is — 11*69 ± 0*003. Not only does 
this method take into considemtion individual values of but it leads 
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to obtaining almast twice as many rallies as the Pascal method 
applic^l to the same data. The constancy ot for the various series 
and the clasc agreement between the mean values oC from the two 
nudhods lead ns !<» Mieve that the data are self-consistenI and accurate. 

A CnrLher lest of the accuracy of the data may be applied by comparing 
the vjduos of b with recordiHl values Cor the coui|Kmnds repn'seuted by b 
ill the various series. The' coniparison is injule in Table V. 

TAHIJC V 



■ 

and Natnn of ('inupound I 

Kiwnlc'd 

Tepiva>ntod by “ 6*'. 


Valui«s( Xu). 

I. Alcohols 

0*5 

11,011 

Water 


2. Aciilb 

l 20*0 

Ti.ayi 

Formic 

: 




acid 

lq-£)3 ’: 

20‘0 ; 





20*5 ; 

'20-57 

3. Methyl 

30*7 

II. CO,CIIj 

Methyl 

31*4 ”: 

esters 


formate 

3I-6 : 

3,-4 1. «. «• ; 






33*6i 

4. Acotatos . 

30*7 

CHaCOJI 

Acetic 

acid 

Ethyl 

31-72 (this 
paper) 

42-4 »; 

5. ISthyl 

42*4 

n.coAiU 

ostors 


formate 

Propionic 

43*0 ; 

43*43 * 


6. Propionates 

42-4 

c,H.co,n 

43*30 (this 
paper) 

55*a (thus 

pai>cr) 

78-38 (this 

7, Butyrates . 

8. Mc-Aznyl 

54*1 

78*1 

CJH,CO,H 

H. CO,CH,. ClI,. CH(CII,), 

«-Butyric 

acief 

iso-Amyl 

esters 

formate 

paper) 

9. Benzoates . 

69-9 

C.IT,C0,1I 

Benzoic. 

67-78 ; 


acid 

70-2 « 

jco. «-Kslers 

IC)*0 

irco,Ti 

Formic 

See Series 2 



acid 


iJ. isc-EsLerB . 

20*0 

I ICO,11 

Formic 

Sec Series 2 



acid 



I^'or alcohols, the final lucmbor is IIOH and b — <)’5. This is 
considerably dilTeronl from the value for water but chwc ogrooiuont might 
not, in this instance, be cxi>ccted. The agreement between the rallies of 
b for acids, and methyl, otliyl, and iso-amyl esters and the recorde<l 
values Cor the comiKmuds roprosonted by 0 is oxtremoly close. The 
biterceptH for acetates, propionates, and butyrates represent the cor¬ 
responding acids and it is notowenrthy that, for each scrios, the value of 
b Is approximately one unit less than the oxixirimental value for the acid. 
This supports the fact, previously referred to, that the diamaguetic 
increment for conversion of an add to its methyl ester is — 10*7, one 
unit less than the average value fur homologous scries and thus the 
intercepts for esters will be one less than the corresponding acids. A 

** Rao and Sriraman, PkiL Mag,t 1037 » 1625. 

Kao and Sriramaa, /. Annamalai Univ., 1938, 7,187. 

I^ascol, Am* Chmie, 1910, 19, 5. 

•• Pascal, B^^U, Soo. Chim,, 1911, 9, X77. 

Kooni^bergor, Ann, Phym, 1898, 00, 698. 

•^Gray and Chm* Soo., 1914, 105, 2707. 

•* Kido, Sci, Rep, tohcku Univ*, 1:936, 24* 701. 
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similar beliaviour should be shown by the benzoates but the aRreemcnl 
between reconled values for benzoic acid is not sufficiently good to tost 
this. Normal esters give a value o£ h, one unit lower than ihe recorded 
value tor [omiic acid as would bo exi^ected. The ?>o-esters, however, 
yidd the value of — jo-o for formic acid. It Ls shown in I*art Ilf that 
/vo-comjviunds arc approximately one unit more diamagnetic tliau the 
rt-isonieridcs. 

The close correspondence cxliibitcd in ihe various series docs lend further 
supi)ort to the view that the data arc accurate. 

Summary. 

The diamagnetic susceptibilities oi 39 highly-purified liqiuds have 
been measured by the Gouy method under carefully-controlled conditions 
of measurement. The compounds examined are members of homologous 
series, and analyses of the data by the Pascal subtraction method and 
by the graphical method of Farquhanson and Sastri yield values of 
— 11*68 ± 0*02 and — ii*6q i. 0*003, respectively, for the diamagnetic 
increment of the >CHa group. The latter method is considered the 
more accurate. Conversion of an acid int<o its methyl ester yields a value 
of — 10*66 for Xcut’ wo-coinpound is more diamagnetic than its 
9i-isom^do. 


PART III. THE DIAMAGNETIC SUSCEPTIBILITY 
OF ISOMERIDES. 


That isosteric molecules exhibit similarities in ph3^cal properties is 
wdl known, and finds confirmation in the reported identity of the magnetic 
susceptibilities of carbon monoxide and nitrogen.^ It might, themore, 
be expected, particularly from the standpoint of Paacars additivity rule, 
tibat organic isomorides should likewise show identical susceptibilitioH, 
and many recorded data confirm this view. For example, Pascal* 
found identical values for each of the pairs: M-but3^dchydc—^methyl 
ethyl ketone; ethyl aniline—dimethylanUrne ; methyl benzoate—^phenyl 
acetate. More recently Bhatnagar and Dhawan * and Bhatnagar, Mitra 
and Tuli * have extended the list. 

On the other hand, however, a considerable number of isomeric sub¬ 
stances of non-idonlic^ susceptibilities have boon reported. F^quenlly 


»o-Pxopyl alcohol 
wo-Bufyl alcohol 
^o-Bnt^c acid 
iso-Bulyl bromide 
Methyl wo-butyl ketone 
Ethyl iso-butyl ketone 
teri.-Bntyl alcohol 
Methyl isf #.-butyl ketone 
Ethyl /sH.-butyl ketone 


TABLE 1 

> n-propyl alcohol 

> «-bu1yl alcohol 

> fi-butyric acid 

> j»-butyl bromide 

> methyl n-butyl ketone 

> ethyl n-butyl ketone 

> iso-butyl alcohol 

> methyl iso-butyl ketone 

> ethyl iso-butyl ketone 


1*50® ; t*2i ®; 0*00 ’ 
0*90 •; 0*74 ■ ;’o*8o ’ 
1*59**®; 1*67 • 

2*74 ®»® 

0*70 • 

0*80* 

0 - 37 * 

0*60 • 

0*30* 


1 Caven, Structure oj Matter, X924, p. 156. 

* Pascal, Ann, Chimie, 19x0, 19, 5. 

* Bhatnagar and Bhawan, Phil, Mag., 1928, 5, 536. 

® Bhatna^, Mitra and Tali, ibid., 1934, 18, 449. 

* Bhatnagar and Mathur, ibid., 1931, ii, 914. 

® Bhatn^ar, Mathur and Mai, ibid., 1930, xo, loir 
T Azim, Kiatnagar and Mathur, ibid., 1933, 580* 

* Bhatnagar, Mathur and Nevgi, Z. Physih, 1931, 69, 373. 

* Mathur, Indian J. Physics, 1931, 6 , 207. 
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data on isomcridcs cannot bo compared because they have not been ob¬ 
tained hy the same invostipfator. 'I'ablc T is, therefore, restricted to those 

isomcridcs lor which com- 



TABLE U 



Iniiimli. 

Coiiilioiuiil. 

Xtr 

r.n.o, . 

Klhvi 



Mrlhyl 

4-**J7/ 


Propionic tuid 

43-Jf' 

('JI.Oj . 

Klhyl fU'cUite 

54'"ol 



Methyl propionaio 
fi-Buiyric acid 

54-0&J 

55’®«> 



fst>-Butyric acid 

30‘00 

f.lIiiiOji 

»- Butyl formate 



f*-J*roi>yl acetate 




lithyl pnmionalo 
Methyl i^-nutjTaU* 

('575 



<''5-83. 



MO- Butyl fonnato 

0 (* 79 \ 


ise-Propyl acetate 

(> 7 - 04 / 


n-Butyl acotnle 

77-471 


Etliyl »-butyrato 

77-43 J 



n-Caproic acid 

78-55. 


«o-Amyl formate 

78-38' 

1 


«o-Butyl acetate 

78-5* 

>■ 


Ethyl i 5 <?-but 3 nute 

78-3* j 



jwriaon is possible and 
the extent of the re¬ 
corded diJJerence is given 
indicates larger dia- 
maguetisni). 

It will be noted that 
t5o- compounds are more 
diamagnetic than w- and 
loss diamagnotic tlian 
icft- compounds ; but it 
will also be note* I that 
there is quite consider¬ 
able variation in the 
magnitude of the ditfer- 
cncos. Thus, for the 
propyl and butyl alco¬ 
hols, Bhatnagar and his 
students at difloront 
times record differences 
which do not accord very 
well with each other, 
l-i^om these data it does 
appear that the differ- 
oncos between iso- and 
w-isoraerides are greater 
than those betwene terl,- 
and iso-isomorides. 


TABLE III 


Experimental Data. 


Compound. 

■e 

1 

1 

iTopyl alcohol . 
Butyl alcohol . 

43-fi« -44-44 •- 

STii — 5<J-i5 - 

x-a.!. 

i*o(> 

Butyric add 

5(>-c)(> - - 55-JO 

0*80 

Butyl formate . 

(»(>70 - 03‘tt3 


Propyl acolabi . 

07.04 — f)3‘0t 

1*13 

Butyl art‘tate . 

7K-3J ~ 77-47 

1*03 

ISiliyl Imtymto . 

78-32 -77-43 

n»8o 


In Part II data on a 
number of isomexides have 
boon given. Examination of 
Table II shows clearly that 
(adds apart) isomericles for 
which the extent of chain¬ 
branching is the same 
(bracketed) have identical 
Huscoptlbilitics. 

The influence of chain- 
branching is shown in Table 
HI. 


The values given in Table III are much more constant than tliosc 
previously reported {vide Table J), and it would appear that the sus- 
cc^bility of the iso- is approximately one unit greater than that of tho 
n-laomeride. 


The four butyl alcohols have boon oxaminod and tho sequonco is: 


Urt.- > sec,- > iso- > n- 

— Axjii* 0*12 0'09 i '06 


Discussion. 

Tho data summarised tabularly in the preceding section not only ex¬ 
tend the observations of Bhatnagar and his coUatxnators * on n- 
and iro-isomerides but raiso an entirely new aspect of anomalous dia- 
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magnetism of isomeric compounds, vix., the differences between isomeric 
monocarboxylic acids and esters. 

The data in Table III show that for the seven pairs investigated, 
is greater than x*. ^ 211^ almost constant amount. In their discussion 
on this type of womeiism Bhatnagar ei ah show that the iaomerido with 
lower boiling-point is the more diamagnetic, and, with this observation, 
the present data ate in complete agreement. They also show that:— 

(i) the more diamagnetic isomeride has the higher value of the mole¬ 
cular magnetic rotetion (Perkin 1®); (ii) the diamagnetism is greater in 
the asomeride Imving the higher value of the depolarisation factor ** r** 
ol^eryed by Krishnan and Ganesan; and (iii) diamagnetism increases 
with increased molecular volume using Lossen's values.** 

It will be noted from Table IV that the more diamagnetic (iso-) 
isomeride has lower values for hoiling-point, density, and refractive index. 

TABLE IV 


Compound. 


B.p.(*’C/mm.). 

u 

Pi' 


w-l^pyl alcohol 
*sc-I*n}pyl alcohol 
«-Butyl alcohol 
t60-Butyl alcohol 
n-Butyric acid . 

150-Butyric acid 

«-Butyi formate 
wo-Butyl formate . ! 
n-Ptopyl acetate 
iso-Prcmyl acetate , 
ft-Butyl acetate 
wo-Bntyl acetate 

Ethyl n-butyrato 

Ethyl <5o-hutyrato . 

44- 44 

45- 08 

30-15 

57-SI 

55-so 

5b-o0 

05-83 

66*79 

65-91 

67-04 

77- 47 

78- 5* 

77-43 

78.3a 

96- 8/748 
80-8/763 

110-7/748 

ro7'2/7()4 

162*2/702 

153-S/70S 

10O-1/734 

97- 1/745 

roi*4/76o 1 

• 87-1/753 

isS-5/733 
ir 6*8/770 

i20*9/703 

109-9/764 

0-7999 

0*7969 

O-80O3 

0-7983 

0-9551 

0-944* 

0*8864 

0-8772 

0'88it 

0-8629 

0-8749 

0-8643 

0-8736 

0-8642 

1-3834 

1-3750 

1-3076 

1-393* 

1-3950 

1-391* 

i-387t 

1-3835 

1*3821 

1-3748 

I‘39** 

1-3877 

1-390* 

1-3854 


The reality of the existence of such a difference between Xjg of isomeric 
pairs would appear to be unquestionable and the tadt assumption generally 
made that n- and iso-isomerides yidd identical values lor an additive 
physical property is, therefore, wrong. Recently attention has been 
directed to this question by Gibling** in a discussion of parachor values, 
and he conclude that ** interference corrections " must be introduced 
to chain-branching on account of the dectionlc diaoTganisations resulting 
tom the " proximity of atoms or groups in the molecules.'" He thus 
derives " group values " to such groups as 


C—CH., 




and, using his derived values, obtains calculated parachors in very good 
agre^ent with eroerimental values, and, in the few cases where it is 
possible to ma k e the comparison, the fso-compound ba-s a slightlv lower 
parachor than the ft^isomeiide. ^ 

That chain-br an c hin g does lead to electronic disorganisation is further 


1 45 » 575i et seq, 
“ K r tahna n, PW. Mag>, 1935, 50, 697, ’ 

“ Ganesan, ibid,, 1925, 50, X219. 

Lessen, Annalsn, 1889, 354, 42. 

** Gihlin^, J, Chem, Soc., i94r, 299, 
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evidenced by observaiions on Kaman elfoct. Kohlransch and Kr»ppl 
found tlial Raman clihplaccnients attributable to the hydrocarbon chain 
have blightly lower values in /sn-compounds. ('ollins noied in his 
investigation tin the Kaman spectra of octanols that the form and location 
of the displaccnieiiL 1300 cinr‘ wore altcrwl slightly l>y hninched methyl 
substitution. 

When the dillcrcmct^s betwetui isonu^rie aci<ls and esters arc considered 
it is found that the acid is invariably approximately owe unil more dia- 
inagiictic than tlu* <‘ster. It is also found that relationships between 
Xij and boiling-]K>int, dciisily, and refractive index arc quite dilU rent from 
those to which attention has been drawn (Table TV) for the n- and 
«\su-ihomeridG8. It must, therefore, be concluded that these relationsiiijw 
arc either valid only for «- and wo-isoincrism or are entirely fortuitous. 
A decision cannot at present be readied; it is felt, however, that too 
much emphasis should not bo placed on these relationsliiiys between various 
physical properties until more carefully-determined data arc available. 

Tt has already been shown in I^rt 11 that the diamagnetic incrciticni 
for the >CHa group is identical for tho acid and ester series and, thus, 
the contributions of tlic hydrocarbon chains are the same. Moreover, 
fur esters, it was .shown that the value of Xan, same irrespective 

of whether the series is ascended Uirough R or R' in RCOiK'. Clearly 
then Uie anomalies are due to a dilfcrence in the structure of the car¬ 
boxyl gnmp in the acids and esters. This is in keeping with recorded 
observations on other structural prop^es. For example, Zahn draws 
similar conclusions from investigations on the electric moments of 
carboxylic acids and their esters- Also, it is well known that the Kaman 
frequency associated with the 0=0 group has quite different values in 
carboxylic acids and esters. 

In a recent article Gibling,'* using his standard values'' method 
for determining porachors, derives the value 259*8 for the parachor of 
the dimeric form of acetic acid. Assuming that the value for tlie mono¬ 
meric form will bo half of this, 129*9, we can compare this with the value 
of methyl formate, for which he gives 138*0. Similarly it is found that 
n-propionic and -butyric acids have smaller parachors than ethyl and 
«-propyl formates. This is p^cularly interesting because, just as was 
the case with the «er;fk»/-*5o-Lsomerisra, the isoincrido ivitli the greater 
diamagnetism has the lower parachor. Thus it would ap])car that there 
is some connection between (liamagnotibin and molecular volume and 
that diminution in molecular volume causes iu\ incroascxl diamagnetism, 
although Bliatnag^*—pndmbly owing to using ilio older data of l.x)ssen 
—draws the opposite conclusion. 

At the present juncture, wiili so few data, any attempt to explain the 
anomedios quautitatlvoly would l>o unjustified even iC a prociso treatment 
were posslblo. Obviously such a treatment will i)roaent vi^ry great 
difficulty even after many more confirmatory data nave been obtaincil. 
One ju^^blo conclusion can, however, lie drawn. Diamagnetic sus¬ 
ceptibilities axo additive, but constitutive effects play a more dominant 
r 61 e than has hitherto been suspect^. 

It is conffdentiy expected that tlie contemplated extensions of these 
investigations will conffnn the view that the i^eatest uscfulncsH of 
diamagnetism in problems of molecular structure will accruo by assigning 
values to groups of atoms, rather than to individual atoms, in a manner 
analogous to, if not identical with, that adopted by Gdbling in regard 
to parachor. 


Kohliausch and KOppl, Z, physihal* CAsm. X934, 209. 

CoUins, Physic, Rsv,, 1932, 40, 829. 

I’Zahn, Tfosis, Posaday Soc,, 1934, 30f 804; Physic, Rw,, 1931, 37, 1516; 


“Gibling, J. 


5 o^«i 194a, 6C5. 
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Summary. 

The (liaiTiagnctic susceptibility of an isomerido with a branched 
hydrocarbon chain is greater tlian that of the corresponding straight 
chain compound, and the sequence appears to be teri.- slightly ' - > 

ISO- > n-, For »- and /sf)-isoTnorides the more diamagnetic compound 
has the lower values for boiling-point, density, and refractive iinlox. I'hc 
7so-com]X)und is api^roxiinatcly one unit more diamagnetic than the 
w-isomeride. Mouocarboxylic acids are more diamagnetic (by ai)proxim- 
atcly one unit) than isomeric esters. Evidence is adduced to show that 
the more diamagnetic isomcride has the smaller molecular volume. 

It is a pleasure to express our tlianks io Professor J, L. Simonson, 
F.R.S., for hia interest in the work. 

Depariinent of Chemistry, 

University College of North Wales, 

Bangor. 


THE PHYSICO-CHEMICAL BASIS OF MITO¬ 
GENETIC RADIATION. 

By Y, I. h‘’RKNKKL, AND A. G. Gurvich. 

Bcceived 24th March, 79^3. 

fn the lost two or three years the weakest part in the study of mito¬ 
genetic radiation—the explanation of its energetic basis—^has acquired 
a firm foundation. This is duci on the one hand, to the far-rcaching 
investigations of R. Odyuber, carried out by a purely physical method 
(photon counter). These investigations confirmed some of our old data 
on radiation In chemical reactions and in several biological objects (the 
eggs of amphibia during division and excited nerves); and on l>eing 
communicated by him to the Faraday Society conference in 1930, mot 
with recognition and evidently removed the last doubts as to the possi¬ 
bility of discovering mitogenetic radiation by purely physical methods. 

On the other Imd, investigations and calcmations carried out by us, 
respecting the balance of energy in sovoral reactions serving as a common 
source of mitogenetic radiation, have shown that extremely simple and 
plausible consideration.s are ex^lontly confirmed by exponent; this 
removes the apparent difficulties which arose from a purely physiciil 
standpoint in mscussing the possible origin of such short-wave ultraviolet 
light in weak exothexr^ or even thermally neutral reactions to which 
belong fermentative processes—the usual sources of the radiation. 

At the basis of our investigations lay considerations advanced in 1934 
by the photochemist, Frankenburger. 

The energy (heat content) of chemical processes necessary for the 
appearance of the photons up to X50 kg. cid.1900 a., discovered by 
mitogenetic spectrum anal}^, can come only from the recombination of 
free radicals or atoms. In such an elementary act one of two things can 
take place: either the ener^ is given otE direc^y in the form of a photon, 
or it is absorbed by the molecules in the system and then released in the 
form of radiation (fluorescent radiation) with wavelengths (spectrum) 
characteristic of the given substance. Taking into consideratjlon the 
diversity of the spectra observed by us, he was more favourably inclined 
towards the second possibility. 
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As to the presence of free radicals, he took the viewpoint oE Willstalter's 
and Gal>cr's hypothesis, wliich assumes that in a number ol fermeiitative 
processt*s Erec railicals appear as an accessory or accompanying i)heuomenoii 
in minute iiuautitics, quite snliicicut, liowevtT, iC one takes into considora- 
tioii the insignificantly snuill intensity ot mitngcmeiic nuliation. 

The main lussuinptiou (d this hypotlu^sis luis been (linH:ily confmuod by 
a luunlHT of evperiinoiits publishecl by us in concise fonn, li tlie energy 
released in a recombination pxocess is really absorl)o<l and then omitted 
ns tliioroscence by various kinds of molecules in the given solution then 
the tollowing experiment should be feasible. Some substsmcc known 
not t\ > take part in the given reaction is addctl in insignilicaut concentrations 
to the syHteni: tcmicnt and adequate substrata. However, in the mito¬ 
genetic spectrum accompanying the fermentative reaction, new bands 
should a^ipear characteristic of the emission spectrum of the added sub¬ 
stance. Numerous experiments carrictl out with various fermentative 
systems, wth the addition of dificrent organic substances (e.g. glucose and 
inclolinc) anrl ions (sodium chloride, sodium biphasphate and others], have 
fully corroborated exiMsctations. 

On the basis o£ those data we are forced to change our original ex¬ 
planation of mitogenetic spectra: up to now we regarded thorn as a 
direct correlate or proof of the presence of a given chemical process (e.g. 
glucolysis, proteolysis, etc.). As a matter of f^t, however, wc are dealing 
with the fluoroscenco spcc^ of some substance or other whoso molecules 
have been excited by absorbing the recombination energy of radicals 
(atoms), which thcmselvos seem to remain in the background. 

It IS much more diihcult to check experimentally Frankenburger’s 
second principal thesis—the appearance of radicals in fermentative reac¬ 
tions. As N. N. Semyenov correctly observed, the main assumption 
is incorrect on thermodynamic considerations; in essentially thermo¬ 
neutral reactions such as fermentative processes, the concontrations of 
radicals in the reactii^ S3r8t6m8 cannot be greater than in the corresponding 
solutions not containing ferments if the viewpoint that these latter are 
merely catalysers is correct. 

If i:he radiation in fermentative processes does arise duo to the re¬ 
combination of radicals, then it is necessary to consider additional energy 
exchange processes to which no attention h^ yet been paid. 

Indeed, the investigations of three fermentative systems undertaken 
from this ]K)int of view—the splitting up of peptides undeir the influence 
of peptidase, of urea by lurease, and of glucose by zymase—^havo shown 
that mitogenetic radiation arises in these processes only in the presoiico 
of atmospheric oxygen in all throe cases and, in addition, of visual light 
in tlio first two sysienw, two photons of visual light i>articipating in each 
elementary act, /.r. in the spflitiug up of one Rui)Htrata molecule. This 
conclubion is reached from the followixm experimental data: 

A series of oarHer investigationH Imd already established that the 
minimum time of irradiatiou of the biological detector necessary for ovokiug 
the mitogenetic oiloct was proportional to the intensity of the source of 
radiation. 

In our present experiments we succeeded in showing that when the 
detector is irradiated by fermentative 83r8toms—the splitting up of peptide 
or urea—the corresponding time limits are inversdy proportioiial to the 
square of the intensity of the visual light used in the experiments. Thus, 
for instance, for a total intensity of the lamp used the time limit of exposure 
was equal to one minute (aJlowing an error up to 15 %) while a reduction 
to one-half the intensity carought the time limit up to four minutes, with 
the same d^ee of accuracy. This dependence on the square of the 
intensity can only be explained in the following manner : if the probability 
that a reacting molecuio absorbs one photon is equal to i /p, then the 
probability that two photons will be absorbed will equal i/a#. 
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This statement is also corroborated in an entirely different way by 
calculating the energy balance of the reaction, taking into account the 
formation of new r^cals whose recombination serves as the source of 
the radiation energy. 

Here we have recourse to a calculation based on a permissible fiction. 
Suppose that in a fermentative reaction the substrata completely breaks 
up into atoms and simple radicals. The total expenditure of energy can 
be easily calculated from data on the heat content of the individual bintlingn. 
To this expenditure we add the energy spent on splitting up the water 
molecule and molecular oxygen which figure in the balance of energy when 
the system is irradiated during the reaction. 

We shall carry out a simil^ calculation of the energy balance in case 
when snch products of fermentative decomposition are formed from the 
resulting radicals (atoms) which caai be registered by the usual chemical 
methods. Fermentative reactions arc usually slightly exothermic, t,e. 
assuming complete disint^ation of the molecule tho positive balance 
exceeds our calculated energy expenditure by several kg, cal. 

Together with this calculation we make the following basic assumption : 
in addition to the products of fermentative disintegration registered by 
the usual methods, there also arise in very small concentrations {i,e, as 
rare events, unsusceptible to chemical analysis) substances also rebuilt 
out of atomic radicals.* In these processes there remain unused several 
categories of atoms and radicals, whose recombination is the source of the 
mitogenetic radiation energy.* 

However, tho energy balance in these assumed processes of synthesis 
is insuJBcient, t.e. the energy released does nut cover the calculated total 
amount spent on splitting up the substrata. This circumstance explains 
why in certaia reasons a realisation of the assumed processes demands, 
besides oxygen, photons of visual light, the difference between the positive 
and negative energy balances allowing the limit of active light to bo cal¬ 
culated on the long-wave side. 

We give the details of such a calculation for a simpler fermentative 
process-^e disintegration of urea by urease. 

I. Energy expenditure — 

(1) Splitting off of 2 — ;i? 

NH, 

CO -► CO = 2Ht — 120 kg. cal. 

NH, 

(2) H ,0 H -f H + O - 220 kg. cal. 

(3) O, -+■ O *f O — 118 kg. cal. 

Total: — 458 kg. cal. 

II. Energy-freed in the assumed rave processes — 

(1) NH, -1- NH, NJH, (hydrazine) + 69 kg. cal, 

(2) 2H + O 2OH 4 * 230 Ig. cal. 

(3) OH + OH H, 0 , + 51-9 kg. cal. 

Total: + 491 kg. cal. 

The radiation emitted in the process arises at the expense of the CO 
and O radicals, which remain unu^. 

However, processes (II) are possible only on condition that there 
is an addition^ inflow of energy equal to 117 kg* cal. (458-341 kg. cal,}. 
If we consider this energy to be divided equally between two jeSotons, 
i.e. each one taking 59 Ig. cal., then we can expect that the extreme 
active wave-length necessary for exciting mitogenetic radiation in the 
given fermentative reaction will be about 4800 a. (blue-green light). 
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Experimctit completely corrolxiratos this coiicUisioii. We Iulvc already 
|)oiutcd out that the pariici]^aliou of two photons folloNN’S from the fact 
that the mitogenetic ellcct dependH on tlie stiuare of irradiation by visual 
light. The calculalcd long-Nvave limit of active wavcdcngtlLs is confirmed 
by the data of 'Pablo 1. 

TAHLIC 1. Uadiaiion oi* niK SviiThM : llkivA llRbAin? undkr Iiiuminv- 
TION iiv Monociikcjmatu' LniHi' 

Wavo-leuRib of nppliisl illuniiiiaiion . t^Soo fitioo 

violet blue-gn'cii grtvii 

NihigoiwUc eliecls.70% 34% 4% 

Entirely analogous reasoning and calculations with rcspin^t to the 
system clipeptide (glycyl-glyciiic) + crcpsinc brings to a deficit of 113 
kg. cal. correaponding to two 5000 a. photons (^een light). In the given 
case, n w'avc-length of 5000 a. should prt>ve active. Experimeut contirm.s 
this conclusion too— 

Illumination by long wavelengths 5000 a. 6000 a. 

Mitogenetic eflocts . . .63% 6% 

Calculations for the third fermentative system gluco8c-2ymasc show 
tliat the inflow-outflow balances tally if wo malm several probable 
assumptions concerning the by-products of recombination, the CO and O 
radicals remaining unused; the recombination energy of thase radicals, 
equal to 167 kg. cal. is more than sufficient to excite the shortest fluor¬ 
escence band of ttie excited glucose molecule, which equals i<)oo a., i,e. 
150 kg. cal. 

Wo have ahovm, in complete agreement with these calculations, that 
glucolysis is also accompanied by ordinary radiatiou when the whole 
system is in the dark, we have succeeded by mitogenitive analysis in 
^tablishing the appearance in fermentative reactions and identifying the 
following racUcals: CO, OH and NH, (or NH). 

Thus, we see that by proceeding from simple and probable assump¬ 
tions which find diverse experimental confirmation, wo are in a position 
to set up a quite satisfactory energy balance tor the emission in organic 
(fcmientativo) rcactiou.s of medium wave-length ultraviolet light of In¬ 
significant intensity, thus dciiriviiig ilic phenomenon ot mitogenetic 
radiation of its puzzling character. 

Tlic reverse .sido of the main mitogenetic jiroblom—^thc jioflsibiUty 
ot discovering such InsiguirK'^vut intensities by meaiw of biological do- 
tcchirs—loses all its mystery, if one takes into consulomtioii that the 
iinmbor of ultraviolet photons exciting a mitogenetic reaction in the ci^ll 
(lotoctors, t'.r. ill the mitosonios, is of tlio same or<lor as the Umituig number 
of visual light photons, accessary for cxdtiug visual sensations. 

PhysicchTeohnical Insiiiute of the 
Academy of Sciences, 

All-Union InsHMe of 
Experimentat Medicine, 



THE SOLUBILITY OF AMMONIUM BROMIDE IN 
ALCOHOLIC SOLVENTS. 

By M. E. Bbdwkll. 

Beceivcd 315^ March, 1943. 

The solubility of ammonium bromido in methyl, ethyl and 92-propyl 
alcohols at various temporaturos has been accurately determined. The 
available solubility data are scanty. Larson and Hunt ^ have performed 
similar measurements on the chlorides, bromides, and iodides of sodium 
and potahsium, and Hildebrand * gives data for the alkali metal chlorides 
and iodides at 25° C. 

The theoretical equation of Bjorrum ® has been tested in the case of 
ammonium bromide at 25° C. 

Experimental. 

The procedure was similar to that described by Larson anil Hunt.^ 
The weight of the solute in the saturated solution was determined vnlu- 
metrically by titration against standard silver nitrate solution. 

The solubility measurements were repeated at intervals of lo*' lietween 
o® C. and a few degrees below the boiling-point of the solution. 

The resulting solubility/temperature curves are shown in Table T and 
Fig. I. Each curve shows a definite break, which occurs between 30" C. 
and 40® C. 



Fig. I. 


1 Larson and Hunt, J, Plwsic, Cham., 1939, 43, 417-23. 

* Hildebraad, SofwW/tty, fetahold, 1930. 

■Bjerrum and Laraon, Z, physih. Cham., 1927, lay, 358, Bjerrum and 
Jozefowicz, ibid., 1932, 159, 194. 
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THE SOLUmi.ITY OF AMMONIUM UROMIDK 

TAHLli I 


Soliihilliy of Amnioniuiu (t;. siU/khi g. Solvent). 
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Discussion of Results. 

Tho observed change in wjlubility-tcmpcjraturo cocificicut pn)bably 
indicates a change in iJie degree of solvation of tho salt botwocu jo° ('. 
and 40® C. Bjorrum'fi theoretical equation * for the solubility of olc.'cti’o- 
lytes was tested, using his method of comimring the mean ionic radius 
of the dibsolved salt calculated by the theoretical fc)nnula, with 
the experimental crystal value (a/2). 

Tile quantity found to be a constant (lui) for saturated 

solutions of ammouhim bromide in methyl, ethyl and n-propyl alcohols 
at JO® C. This constant factor may be attributed to the impossibility 
of airrccting adequately lor ionic interaction energy in solutions which 
are saturat^i and thoroforo relatively concentrated, so that the magnitude 
of the ionic radius is in error. 

A similar constancy was found by Bjorrum and Jozefowicz * who 
give a mean value of 1*28 ± 0^03 for solutions of tetramcthylanimonium 
iodide in water and methyl and ethyl alcohols at 20" C. 

Sumiuary. 

The solubility of ammonium bromide in the solvents methyl, ethyl, 
and 11-propyl alcohols has been accurately determined at intervals of 10® 
between o® C, and a few degrees below the boiling-point of the saturated 
soluiion. 

The solubility/temporaiurc curve for each solvent shows a definite 
break between 30® and 40® C., which is attributed to a change in tho 
degree of solvating power of the solvent. 

The Bjerrum o<]nation for the solubility of electrolytes has boon tostocl 
for solutions of ammonium bromide in tlio present series of solvents. The 
results indicate that a constant correcting factor is involved. 

The oxjxHrimontal work was performed at Bedford College for Women, 
Unlvorslty of London (evacualed to Cambridge), 

The Studio, 

Netby Stmt, 

Famborough, Hants, 


ELECTRICAL CONDUCTION OF TEXTILES. 

By S. Baxter. 

Received zZth April, 1943. 

It is well known that textile fibres are hygroscopic and that their 
electrical conductivity varies according to the amount of moisture absorbed 
in the fibres. Most oi the earlier work on the conductivity of textiles has 
been concerned with the variation of conductivity with regain at constant 
temiieraturc; the present work deals with the temperature coefficient oE 
resistance at consinut regain and the mechanism of the electrical con¬ 
ductivity. 

In the present paper the electrical properties of protein substances and 
glass fibres with adsorbed vapours are compared and found to very similar. 
A now theoretical explanation of the results is given on the assumption 
that dry wool is a perfect insulator, and tliat adsorbed water molecules can 
be tak^ as impurity centres causing the wool to become an electronic 
semi-conductor. 

The theory that the conduction of textile fibres is due to the conduc¬ 
tivity of water condensed in the inter-micellar channels breaks down, since 
the activation energy of a moist wool fibre is totally different from the 
activatiou energy for water, showing that the mechanism of the conduc¬ 
tivity is difierent in the two cases. Water present in a textile fibre must, 
in fact, be in a very di^erent state from liquid water. 

Earlier Work- 

Marsh and Earp ^ investigated the effect of regain on the conductivity 
of wool fibres. Using a Undemazm electrometer for the dectiical measure¬ 
ments, they found that on plotting log resistance against log regain a 
straight line was obtained with the equation 

R « 

where R is the resistance, m is the reg^, and is a constant. Murphy 
and Walker,* using wool threads, ob&ned a relationship similar to that 
found by Marsh and Earp in which the esqponent was — 16*4. Marsh and 
Eaip found that the conductivity of the fibres was ind^end^t of whether 
the fibres were washed in tap water, distilled water, or special conductivity 
water. The presence of % olive oil on the fibres had no efiect, but tiio 
resistance could be decrea^ by soaking for at least three days in salt 
solution. These facts show clearly that the conductivity of the wool water 
system is independent of the conductivity of the wato adsorbed by the 
wool, and suggest that the conductivity is, to a large extent, independent 
of any ions present in the wool, and arises from the nature of the bonding 
of the wool and water molecules. Marsh and Eacp give experimental 
values for the variation of the specific resistance of wool with amount 
of water adsorbed. The results show that the specific resistance decreases 
rapidly with increasing regain, and that for 2a % regaan, i^e, only about 
18 % of the fibre as a whole is water, the spediSks reais^ce has d^eased 
to a value similar to that of conductivity water. For higher regains the 
specific resdstance will tend to a value leas than the specific resistance of 
water. Similar results have been obtained by Stamm * in experimen’te on 

^ lilaish and Eaip, Trtms, Faraday Soc,, X933, 99, 173. 

* Murphy and Walker, /. Physic, 1928, 3a, 1761. 

* Stamm, CoUoid Symposium Monograph, 1926, 4, 246. 
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wood. The water ho used had a comhiciiviLy of 5-4 v 7o-« mlio., but 
w<wul which had aclsorlxjd the same water liad a coiuhictivity of 8*3 x io“® 
mho. He cx^ncludod that the adsorlwd wder hail aho\it two to three 
iinies th(» conductivity of the wafer in hulk. Tlu'se oNporimontiil results 
are contrary to the {am hvi^Hhesis of water adsorption which predicts 
that Ihe sptKiific n'sistance ol textile fibres at all rej^ains should be greater 
than the specific ii*sistan(v oi tlic water adsorbed. 

The elloi'it ot teinperatiuo ou rt*sistance of textiles lias Te(UMvt.Hl little 
attenliou. Murphy and Walker* investigated the change of resistance 
with t«»niporature of cotton threads at constant relative humidity. They 
found that at 25" C. and 7O % R.ll. tlie resistance o! cotton samidcs dc- 
n cases by abimt H % per (legrcc C. 

Slater^* using single cotton hbros, also found the effect of temperature 
on resistance at constant R.H., but could not get consistent results. The 
results he published show that at 25” C. and 57 % K.H. the resistance 
change.s by 10 % per degree C. change in temperature. 

Mar&li and Earp found thiit wool fibres obey Ohm's Law and show no 
polarisation over the voltage range 0-300 for H.H.'s between 50 and 85 %. 
This lias been verified in the present investigations, altliough earlier 
worktu-h ® using yarns have found tliat the resistance decrea^ as the 
voltage increas^. This is, however, probably due to complications 
introduced by ilic yarn structure. 

Experimental. 

The present investigations were mainly concerned with determining 
the effect ol temperature on the conductivity of wool at a constant regain. 

This was done by fixing the fibres 
whose conductivity was being meas- 
uretl between the two electrodes 
A, B, which were insulated from 
the metal cylinder C by citlier sealing 
wax or sulphur plugs, S, Fig. i. In 
the bottom of the cylinder was placed 
a large quantity of wool at the re¬ 
quired regain, and the enclosure was 
then scal^. Since the mass of wool 
was in contact witli only a small 
volume of air, no change in regain 
was iHissiblo wlien the toini>crature 
was varied, oxcciit at high tc*m|)ora- 
turcs when oondciiHatioii took place. 
If working at zero regain, tlie cylin¬ 
der, C, wns ovacuatwl in order lo 
ITio, I, remove all the water vapour from 

tlie fibres and thou the cylinder was 
fhlod witli air dried over P* 0 |. Dry air was admittc<l to ensure that 
thermal equilibrium within the cylinder was established. 

The temperature was controlled by having a heating coil, H, wound 
round the cylinder, C, which was lagged. The temperature of the enclosure 
was measured by means of the thermometer, T. The olectricaJl conduc¬ 
tivity determinatiQns were made with a Lindemann dectrometer, the lull 
circuit being shown in Fig, 2. 

The sensitivity of the Lindemann dectrometer was varied by altering 
the plate voltage Vp, the needle when earthed being adjusted to zero by 
means of the coarse adjusting resistance and the fine adjusting resist¬ 
ance Rt, The voltages were applied to the plates of tee dcctromoter 

* Slater, Proc. Roy, Soc. B, 1924, 961181, 

» CurtJB, B«f, Skmd, Bull., 19x4, ii, 359. 
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through the resistances and i2«. The electrometer circuit is similar to 
the circuit developed by Grimmett.® 

The conductivity of the fibres under measurement was determined in 
arbitrary units from observations of the rate of charge of the electrometer 
needle, the needle being de-earthed and connected through the fibres to a 
voltage vu All the essential parts of the circuit were housed in an cartlied 





cage to prevent trouble from stray electrostatic clusoges. Xu the early 
st^es of the work trouble was experienced with insulation, but latctf 
sulphur or sealing wax; insulation plugs were found to bo quite satisfactory. 

The wool used in all the experiments was 64s merino which was clean^ 
by extracting with petroleum ether and then with alcohol followed by 
waddling in distilled water. 


Results« 


(a) Polarisation Currents at Zero Re^ainw—^It was found that for 
regs^ below approximately 5 % the wool fibres show polarisation which 
increases as the regain is decrea^. For dry fibres the steady current is 
approximatdy 1/5 the initial current for a constant voltage, the time 
required for a constant current to be established depending on the tern** 
perature. Fig. 3 shows the polarisation curves of wool at zero regain at 
temperatures of 3i'5® C., 42-2® C., 53*7° C. and 60-0® C. The time t in secs,, 
whi& is the time requir^ for the electrometer to charge up to a given 
value when the needle is de-earthed, is plotted agamst the time in mins, 
after application of the voltage t/f. The value of the conductivity is given 
by x/i in arbitrary units. The steady current was found by obtaining the 
equation to the tv r curve, and extrapolating it to find the value of t when 
r is infinite. It was found that the polarisation curves fitted the equation 


t 


B 


K 


(I) 


where B, are constants. Clearly ior r ^ co, t B, and when the 
constants of the equation are found the value of < for r = 00 can be detar- 
mined. Using the values of the steady conductivity, i.s. 1 /B, it was found 
that at zero regain the conductivity increased exponentially with tem¬ 
perature accordiz^ to the rdation 

a bk At ^ . . * . • ( 2 ) 


• Glimmett, Proc, Physic, Soc., 1933, 45,117. 
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where o is the conductivity and A and E are constants. Tf, therefore, 
log a is plotted against i/T a straight lino is obtained from which can be 
deduced the value of the activation energy 7 i. Fig. 4 shows log a plotted 



20 40 60 ao foo 55 ia 5 SSo 256 306 55 © 

T mins* 


Fio. 3. 

against i/r, using values of the steady condnetivites obtained from the 
four polarisation curves shown in Fig. 3 (or wool at zero regahi. The 
linear relationship is followed, and the slope of the line corresponds to an 
activation energy of x-i e.v. 
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(6) Activation Ener^^es of Wool, Collagen and Cotton.—As the 
regain increases from zero the conductivity increases rapidly and the 
amount of polarisa¬ 
tion decreases. This 
is duo to the addi¬ 
tional conductivity 
ol the adsorbed 
water l>ein|af non- 
polarisable. As the 
refrain increases the j 
polansable current 
of the dry wool be¬ 
comes swamped by log a 

the non-polwsable •.Fxo. 4. 

current due to the 

adsorbed water, and when the regain is greater than roughly 5 %, the 
polarisation cannot be detected. 

For wool fibres with regains greater than 5 % Ohm's Law ia obeyed ; 
this was also found by Marsh and Earp. For a constant regaui tlie tem¬ 
perature coefficient of the conductivity was found to follow equation (2) 
and by plotting log a against 1 /T the activation energy could be obtainc<l. 
The activation energy lor wool for regains greater than 5 % was found to 




LOO 0^ 

EtG. 5 

be independent of the regain, as is shown in Table I. A typical curve of 
log ajplotted against i/T is shown in Fig, 5, the regain of the wool used 
being 9%. 

TABLE L TABLE II. 


Kcgaln %. 

Aotlvdtiott Bofiigy. 

Activation Energy. 

Regain. 

0 

X*10 e.v. 

Collagen . 

1*36 o,v. 

lo-o % 

3’0 

1*39 e*v. 

Wool 

1*34 o.v. 

9 -i 8 % 

9-0 

1*33 o«v. 

Silk 

1*34 e.v. 

7-5 % 

i6-o 

28-3 

1*33 o.v. 

1*35 

Cotfxm . 

0*96 e.v. 

6'4 % 


The effect of the of the wool on the activation energy was investi¬ 
gated, and it was found that the activation energy remained constant from 
2 to 8,* and then gradually rose to a value of 1*5 o.v. for pn ix. 

The activation eneoegies for silk, collagen and cotton were detenninod, 
and it was found that tEdl the prot^ substances gave the same activation 
energy as is shown in Table II. ’ 

• of extract when x g. of wool is wetted out in 50 c.c, of water. 
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The Icrapcraturo coofificient of the conductivity o£ \ra.tcr corresponds 
to an activation energy of 0*44 e.v., and for icc to a value of 1-27 o.v.'^ It 
is Iherefore seen that although the conductivity of wool, silk and collagen 
is <luo to tile presence of adsorbed water the values o[ the activation 
energies are very dilTcrent from Ihe valu(^ for Jicjuid water, hut are much 
nearer if) the viilue obtained for icc. Thus it appears lliat the conduc¬ 
tivity in the wool-walnr system must bo of a ditfcront nature from the 
conductivity in pure liijuid ^vaicr. The fa<;t ihat tlic activation energy 
for icc is of the same order as for the wool-Avatcr system suggests tliat the 
absorlKsd water is in a much more strongly orientated form lhan in lii|uid 
water. Tim conductivity in tlio wool-water system is by no means 
identical with tlie conductivity in ico, since ice shows polarisation. 

(c) The Wool-methyl Alcohol System.—The effect of the absorption 
of methyl alcohol on wool was next investigated. The apparatus was 
evacuated for several hours and the methyl alcohol introduced. The 
adsorbed methyl alcohol aJOEocted the conductivity in much the same way 
as absorl)ed water. For any appreciable regain of methyl alcohol the 
wool-methyl alcohol system obey^ Ohm's Law and showed no polarisation. 
The variation of resistance with methyl alcohol regain follows the equation 

JR «= 

where ^ is a constant. The absolute conductivity with absorbed methyl 
alcohol is of the same order as with an equivalent regain of absorbed water. 
The activation energy is i*o e.v. 

The similarity in the effects of absorbed methyl alcohol and water on 
the conductivity of wool makes it difficult to concede that the conduc¬ 
tivity is ionic, and suggests that the wool-water and wool-methyl alcohol 
systems are dectronic semi-conductors. The conduction appears to bo 
due to the water or methyl alcohol appropriately adsorbed by the wool. 

(d) Adsorbed Layers on Glass.—In order to Lest the view that the 
conductivity may be due to an adsorbed layer, investigations were made 
on the dectrical properties of adsorbed layers on glass surfaces. An 
adsorbed layer of wat^ on a glass surface was found to have properties 
very similar to the wool-water sjrstom. The resistance varies with the 
R.H. of the atmosphere due to variations in the thickness of the adsorbed 
layer. At low R.H.'s polarisation is shown and as the R.H. increases the 
conductivity incroosos and the polarisation is swamped. The changes of 
rosifitauce with R.H. was not as great as in the wool-water system. For 
the wool-water system an incroaHo of 25 % in the K.U. caused an increase 
in conductivity of 100 times, whilst for the gflass-wator 83r8tera an increase 
in R.H. of 55 % was necessary to give this increase in conductivity. For 
a constant amount of adsorbed water the temx)eratuxo coefficient of con¬ 
ductivity correspmclH to an activation energy of 1 e.v. Glass fibres adsorb 
metiiyl alcohol with a ct)rroHponding increase in conductivity, but experi¬ 
mental difficulties have prevented accurate measurements of the electrical 
properties of the gloss-methyl alcohol systems. 

I Dlscueslon. 

It is difficult to decide whether the electric conductivity of non-metallic 
solids is ionic or electronic unless a Hall effect can be measured. Other 
cnteiia that must be satisfied by diectronic conduction are that Ohm's Law 
should be obeyed and that there should be no polarisation effects. Wool 
free from water shows large polarisation effects, but the wool-water system 
has a very much greater conductivity which swamps entirely the pojarisa- 
tion eflects shown by dry wool The wool-water system also follows 
Ohm's Law. It may, therefore, be an ionic or dectronic sexni-conductor. 
There are, however, a number of experimental data that are difficult to 

^ Doxsay, JPiro/wHas of Ordinaty Waior Subskmeesr pp* 374 and 509. 
Reinhold Publkhisag Coxpotation, 1940. 
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reconcile vrith the hypothesis that the ■wool-water system is an ionic con¬ 
ductor. There is firstly, the observation o£ Marsh and Earp ■tliat the con¬ 
ductivity of water in wool is greater than that of liquid ^vater. The second 
ol^erv’ation that is dilficult to reconcile with ionic coiuluction is the large 
activation, energy associated with the wool-water 83r8tcm; it is roughly 
■idiree times the activation energy that would be expected from 'tlie itmic 
properties ot water, AgJiin the activation energy associated with the 
electric conductivity is iudepondent of the ionic condition of the wool 
throughout tlic />it range of 2 to 8 ; if the conduction were ionic, one 
would expect tile activation 
energy to bo sensitive t«> 

Finally, tlic wool-methyl 
alcohol system shows an 
electric conductivity tliat is 
similar to the wool-water 
system. These observations 
are dilficult to reconcile with 
ionic conduction, whilst they 8 
do not conflict with the | 
hypothesis that the wool- | 
water system is an electronic * 
semi-conductor. 3 

Assuming the electrical 
conductivity in the wool- 
water system to be due to 
electronic jumps between 
bound water molecules, one 
would expect the resistance 
to vary exponentially with 
the average distance between 
bound water molecules, since 
on the simple quantum 
mechanics picture the pn>- 
bability of an dectron jump F[ 0 . 6 . 

across a potential barrier 

dep^ds exponentially on the height and width o£ the barrier. Thus i£ A 
is -the mean distance between adjacent water molecules, then /or constant 
temperature 

where A and h are constants, Kor uniform distribution o£ the water 
molecules throughout the wool fibres A is proportional to i/^m whore m 
is the reg^. On this simple hypothesis one would exi^oct the resistance 
to ■vary with regain accordmg to tlic eejuation 

. 



where A and h axe constants. Marsh and Eatp's rosnlts o£ tlio variation 
of resistance with r^iadn are found to fit equation (3} quito natiafactorily. 
Fig._6 shows Marsh’s original values with log rosistanjco plotted against 
The linear relationship is seen to hold quite as well as in Marsh'a 
original plotting where log resistance was plotted against log T(^nin. The 
equation for increasing regain is found to he 

116 . 

J2 =, io-»‘**e^ 
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Summary. 

EjqDcrimenLil results on the electrical properties of textile fibres with 
and ivithont adsorbcil water are siven. The temperature eoelficieiit of the 
oh'clrical conductivity of wool at constant regain has Ik'cii <leteriniiiecl 
over a wide raiif;e of rt'Kains and has l>een found to Iw* in(le])(‘nd(Mit ol ret-aiii 
lor values greater than 5 %. h'or wool libres below 5 *ln regain, fK>larisa- 
tioii is showm, hut this (lisa])pears tor higher regains and Ohm's Lnw is 
olioyed. The conductivity ol wool with adsorbed methyl alcoliol, and h#r 
glass fibres with lulsorliod water vaixmr, is found to be similar to tlic 
water system. 

The theory that the conduction of textile fibres is due to the conduc¬ 
tivity of water condensed iu the inter-miccllar channels does not readily 
fit the oxperimenlal data and a new theory is put forward on the assump¬ 
tion that dry wool is an almost perfect insulator, and that adsorbed water 
molecules cause impurity centres giving rise to dectronic conduction. 

1 am indebted to Mr. J). H. Wilsd^m, Director ol Research, for en¬ 
couragement, and to Dr. A. B. D, Casaie for discussion and suggestions 
during the course of the work. My thanks ore due to the Council of the 
Wool fiidustries Research Association for permission to publish the results. 


THE MELTING-POINTS AND UNIT CELL DIMEN¬ 
SIONS OF THE SYMMETRICAL HALOGEN- 
BENZENES. 


By T, Buacaix. 

Received 2oih May, 1943. 

In a previous paper ^ the writer has .shown that in the halogonbcuzenes 
the following quantitative relations exist between the iiiclting-ptnnts :— 

(t) The introduction of a pair of chlorine (or bromine) atoms in para* 
position increases the molling-point so that the ratio 

m. I -di halogenato d ctnnpound 

lu.pTot iKiront compoumi 
is approximaloly coiihinnl. 

(a) Tlio introduciion of a single asymmetric halogen atom into benzene 
<ir a symmoiricfilly-sulmtituiod halogcnbeiizenc lowers tlie melting- 
point so that the ratio 

m.p, of monolmlogonated compound 
m.p 7 ()f pajcmt comj[X)und 
is approximately constant. 

Tables axe given in. the paper showing tlrnt tlxe mean inccoment in meltmg- 
point for a pair of halogen atoms in ^aro-positlon amounts to 1*23 for two 
chlorine atoms, 1*26 for one ohlorino and one bromine atom, and 1*30 lor 
two broxnixie atoms ; for a single asymmetrically substituted halogen atom, 
the mean decrement is 0*87 for chlorine^ 0*90 for bromine, and 0*87 for 
iodine. 

It was suggested that, since the meltmg-point of a substance is a crystal 
property, i,e, a property of the unit coll ra^ther than of the chemical mole¬ 
cule, each of the two eSects stated corresponds with some definite feature 

* Recueii, 1928,47, 37. 
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m the unit cells o£ the scries of compounds, and that in the case ol the 
/)flrrt-dihalogen compounds this is probably the linkage in pairs of the 
lialogen atoms of one molecule to those of neighbouring molecules. Kcfer- 
ence was made to the work of Plummer,** whose X-ray investigation of 
hexachloro- sind hexabromobenzone had shown that such an arrangement 
in (act exists in the unit colls of these two bodies. 

In view of the publication since that date of the results ol X-ray 
examination of certain other halogenbonzeiies it Is now possible to pursue 
the matter further; the present paper deals with the effect of the replace¬ 
ment ol chlorine by bn>mine upon the melting-points and upon the unit 
cell dimensions of the symmetrically halogcuat^ benzenes. The melting- 
point being a crystal property, wc should expect some correlation between 
the change in melting-point and the change in unit cell dimensions when 
chlorine Ls replaced by bromine, and this in fact proves to be the case. 

From tlie tables given in the previous paper it is apparent that the 
mean effect of the replacement of one pair of chlorine atoms in para- 
position by a pair of bromine atoms is to injcrease the melting-point in 
approximately the ratio t*oG. 

Plummer's measurements of the unit cell of hexachlorobenzenc .showed 
it to be a two-moloculor cell with the dimensions a = 8-roA, h = 3'86a, 
c =s i6'68a. — 116*' 52'. Suflicieiit measurementH of hexabromobenzone 

were made to show that this likewise has a two-molecule unit cell, whose 
calculated dimensions arc : a ==■ 8‘57a, b r- ^-ioa, c — J7*6a. p 116” 
28 J'. Comparison of these measurements for the two hoxahalogen com¬ 
pounds gives the following :— 

ratio of a axes 8-57/8 *to « 1*058, 
ratio of b axes =* 4*10/3-86 ~ 1*065, 
ratio of c axes = 17*6/16*68 1*055. 

In this pair of compounds, then, the replacement of chlorine by bromine 
increases each of the axes of the unit cell substantially to the same extent 
as it increases the melting-point. 

So :l^ as the writer is aware, no X-ray measurements of the unit cells 
of the 1.2.4.5-tetrahalogenbe^enos have been published ; since, how¬ 
ever, we axe concerned here only with the comparative dimensions of the 
chloro and bromo com];K)unds, we may, without vitiating the argument, 
arbitrarily assume two-molecule unit c^, and calculate the dimenkons of 
these from the crystallographic data given by Groth; * the calculated 
dimensions are, for s-tetrachlorobenzene, a » 9‘57A, b « io*59a, c « 3»86a, 
P » 99^ ; and for s-tetrabromobenzene, a » zo*40a, b ^ io*96a, 

c ^ 3*SiA. p » 94° 24jr^. It will be seen that r^lacemeut of chlorine 
by bromine leaves the c axis practically unadected; the a axis is increased 
in the ratio 1*085, ^ ^ 1*035 ; the joini effect upon 

the a and b axes is therefore an increase of 1-12, t.s. i-o6*. In this case 
again then, the eflect upon unit cdl dimensions and upon molting-point is 
the same. 

The unit cells of ^^afo-dichlorobenzene and ^^ra-dibromobenzene have 
been measured by Hendricks *; his values for a two-molccule unit cell 
are:— 

:^MliGhlorobenzene: 

a=i4*83A, & » 4»ioA, c := 5*88 a, pe=ii2®30'. 

/>-dibromobenzene: 

a I5*46a, b = 4*iiA, c « 5*8oa, p « 112® 38', 

The replacement of chlorine by bromine leaves the b axis unchanged, 
there is a small decrease in the 0 aods, and the a a^gia is increased in the 
ratio 15-46/14*83 =» 1*043. 

In this case, then, the increase in the a axis is materially less than the 
mean increment of mditing-point. It will be obsmred, however, on 
^ Mag,, 1925, 50,12x4. ■ Chmischs KrystaUographie, 4, 7. 

* Z, KristaUographi$, 1933, 84, 85. 
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reference to the tables given in the previous i)a])er, that />-dichlorobenzene 
has an abnormally k>w melting-poijit, its increment as compared with 
benzene being only r*r 7 as comjmred with the mean increment of 1*23 for 
Die senes ol ciiclilorinaicd com})oini<ls. /^-Dichlorobcnzeno thus shows an 
nlnn)rintill> low nielting-i>oinf associated with an abnonnally high volume 
ol its unit cell, a f«il ure whi< h was uohsi in the ]>revious paper in conmvlion 
wiili the asyimnotric tri- and penta-chloro cotnpouiuLs. 

Ill tlie relaleil serit's ol />r/mHlihalogeii nitrobenzenes, the quasi- 
indepeiubsit ellt»ct iijion the nielhng-|)oiut ol a i-Kiir of lialogen atoms in 
/)t;w-pc»silion persists, and is corrclatoil in the same way with the dimensions 
oi the unit cell; the /MlicJilom l^o<ly again shows Uio jdioiiomcnoii of 
abnonnally low nidting-point associated willx abnonnally liigh imit cell 
dimoiLsioas, 

The table shows the increment in melting-point of the />-dihalogcn- 
nitrobenzenes over tlxat of nitrobenzene, and tlio corresponding values Cor 


Mtiotx'iucno 

I'niuponiuL 

Molung- 

INlUlt. 

Ratio, 

Benzene 

Ctnupuuml. 

Melting* 

l*omt. 

RnUo. 

Nilrobenwmo , 

2: 3-tlichlor 

2787 

32K 

1 

Bouzono 
^-dichlor . 

278-4 

326 

1*17 

2-clilor-3-brom 

34s 

iBi 

^-chlor-brom 

339 

I-22 

2-brom-5-chlor 

2:3-clibrom . 

343 

358-4 

1 

^-dibrom . 

360 

1'29 


the /i-dihalogenbenzenes. No measurements of the tmit colls of the 
;^-dihalogen nitrobenzenes appear to have been published; since wo 
are here concerned with comparativo dimensions only, we may again 
make the arbitrary assumption that the unit cells arc bimolccular, and 
calculate the dimensions from the crystallographic data.> The calcu¬ 
lated dimensions are:— 

2:5-dichloronitrobenzene: 

a «= IO-I5A, b = 7’05A, 0 -=« 5*8oa, 
a =3 87*^ 18", p = 114° 17', y -=r 82® 374'. 

2: 5-dibroraonitrobcnzcno: 

a — io*20A, ft r- 7-36 a, 0 ^ 5*8oa, 
a - 87® 29', j 5 - T14® 35', y =«> 83® 27'. 

It will 1)0 seen Uiat the a and c axes are virtually unalloctod, wliile the 
6 axis Is iiicroascd iu the ratio which is practically 

idonticai with the incremout sliown by the a axis 01 ^dibromolxmzono over 
that of /)-dichlorol)ouzoue. 

Summary and Conclusions. 

In the Hymmetricany-substituted halogonbenzcnos, the replacement by 
bromine ol one, two and three pairs of chlorine atoms in ;^ara-position 
produces similar eHocts upon the melting-points and the dimensions of the 
unit cells, ^-Dicblorobenzono exhibits an abnormally low meitmg-point 
and abnormally high unit cell dimensions. Similar eSects are exhibited 
by the jb-dihalogen nitrobenzenes. 

> Ohmkehs KtysMo^raphUt 4, 44. 
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1 . 


Non-polymensed spreadera, such as oleic acid, etc., never produce 
stable thick films of hydrocarbon oils on water, but the systems finally 
revert to lenses in equilibrium with a unilayer.* The final spreading 
coeJO&cicnt in these systems is always negative.* This fact appears to bo 
rdated to the reduced lateral ad¬ 


hesion between the hydrocarbon 
chains o£ the spreader film in the 
interface os a consequence of the 
presence of the oil phase, intcriacial 
films generally t^ing more ex¬ 
panded than the corresponding sur¬ 
face films.* Fig. 1 shows this for 
the interfadal and surface films of 
oleic add; Fi the interfadal pres¬ 
sure (curve r), and F the surface 
pressure (curve a) being plotted 
against* A the area per molecule. 
However, at high pressures, but 
below the collapse pressure of the 
surface film, the curves for the 
interfadal and surface films ap¬ 
proach each other dosdy, showl^ 
that under strong compression both 
films possess approxixxiatdy the same 
density of packing (c/. similar obser¬ 
vations with intem<^ films of oil- 



30 50 70 

A id 


Fro. I. 


insoluble substances by Aloxandor *]. 

Table I. shows the variation of Ky « FijF with the spreader concentru/- 
tion in the oil phase (^ing. per 100 g.), whenalonsofparafSnoil, containing 
oleic add, is m e^iHbrivm with a sur&ce film of oldc add. Although at 

higher pressures the density 
TABLE 1 . of packmg in surface and in- 

-:- terface is about equal (Fig. 1), 

0, Pi. F. Fi is always greater thaa F, 

_ - — __owing to the fact that riie 

3*50 iE.HeyjnamiaadA.yolfe, 

O? S? tt? 38, 

»Literattu»»(W»N.K.Adam, 
3**5 **** *‘ 4 ® Physics and Cksmitin of Sut- 

3*-6 23 -» i '47 /ae«, sided. 

35-6 25-5 1-40 «A. E. Alexander. Trans. 

---- Faraday Socs, 1941, 37,117. 


0. 

Pi- 

JP. 

JSy- 

0*1 

21-0 

b'O 

3*50 

0*2 

24-2 

ro'o 

2*42 

0-4 

27-4 

3 C 5-5 

1*77 

0‘6 

29-6 

19*2 

1*54 

0*8 

31*3 

21*2 

1*48 

1-0 

3*-6 

22*2 

1*47 

1*6 

35-6 

25*5 

1*40 
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2 i8 equilibrium BETWEEN LENS AND UNILAYER 

resultant attraction between the spreader molecules is smaller in the infer- 
face than in the surface. 

The data for P, Pi and A are calculated from the measurements de¬ 
scribed previously; ^ p = y,, — y'w and Pi = yow — y'owf where yw(yow) 
denote the surface (interfacial) tensions in. the pure oil-water system, and 
y'w(y ow) those in the systems containing oleic aad. In the case of the 
interfacial film, A is calculated by the Gibbs equation, assuming that 
oleic acid exists as double molecules in the paraffin oil phase, as shown 
previously,! * but A is expressed, as usual, per single molecule. The values 
for A are somewhat approximate, because of the simplifications mvolved 
in the application of the Gibbs equation (2) and since no activity correction 
can be made because of the lack of data. 


2 . 


When a drop of h3rdrocarbon oil, containing oleic acid, is placed on a 
water suri^ce, the oil will spread at first to an extended lens or multi- 
molecular film. At some stage, however, spreader molecules are shed into 
the free water surface.^ The linear lens boundary acts as an energy 
barrier, and only molecules possessing a sufficiently high energy may break 
through that boundary and escape from the interface. The number of 
molecules (n) possessing a sufficiently high energy may be written as 



where «© is the total number of spreader molecules in the interface. 
is an energy term depending on (a) the forces between the oleic acid mole¬ 
cules (Oji), and (6) those between oleic add and hydrocarbon molecules 

(%i)* 

At very low concentrations in the interface. Pi is small, and hence the 
amount shed is small. Both surfiice and interfiudal films are ga^us, and 
the infiuence of the Oa forces will be n^ligible. Hence the distribution 

of the spreader between 
interfiice and surface will 
be, in the first place, de¬ 
termined by the forces, 
i.e, Pp is large because 
of the solubUity efiect 
of the hydrocarbon oil. 
With increasing concen¬ 
tration in the interface 
and surface, however, 
the On forces, acting both 
in surface and interface, 
will make themselves in¬ 
creasingly Mt and P and 
Pi will tend to approach 
each other. This is borne 
out by the experiments 
(Table I.). 

Fig. 2 represents diagramatlcally the conditiona at the linear lens 
bounds;^. Pq is the contracting force (acting on the linear bounds^) 
of the oil lens not containing any spreader, and identical with the spreading 
coeffictot of the oil on water. Pg, the initial ^reading coefficient, is the 
spreading pressure of the lens, »-s. the two-dimensional pressure above 
litat required to counteract the contracting force of the pure oil lens. 
Hence Pg = Pq -f Ft (Langmuir).* Whilst the lens expands to a thick 

* Langmtffi {J . FrankHn XnsU, 1934, ai8, 166) has shown the same for solu¬ 
tions of stearic add in tettadecane. 

*E* Mercer, Proc, Physic* Soc., 1939, 51, 561. 

• I. Langnauir, J, Chm, Physios, 1933, i, 736. 
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film, Pe > F, though F will gradually increase as a consequence of shed¬ 
ding, and of tho expansion of the oil lens. During this process, Fe will 
decrease only slightly (at medium spreader concenl^tions) because mole¬ 
cules, shed to the water surface, will be replaced from the bulk of the 
solution. 

When F has beccjme e<iual to Fe, the system is not yet in equilibrium. 
At the state Fe = F, the number of molecules in the interface, having a 
kmetic energy sulficient to break through the linear boundary, will l)e 
greater than the number of such molecules in the surface. This is due to 
the fact, mentioued previously, that the attraction between the spreader 
molecules in the surfiice (determined by only) is greater than the re¬ 
sultant attraction between the spreader molecules in the interface (deter¬ 
mined by Ou and the latter reducing the lateral adhesion between the 
hydrocarbon chains oi the spreader molecules). As a consequence, shedding 
will continue and F will become greater than Fg, until the numbea: of mole¬ 
cules passing the linear boundary, in both directions is equal. Since 
F > Fg, the thick film will be pushed back to form a lens of such dimen¬ 
sions that the gravity term becomes equal to F — Fg, and the final spreading 
coefficient F'g ~ Fg — F ls negative. 

Summary. 

The final spreading coefficient of hydrocarbon oil, containing oleic acid 
as a spreader, on water is negative. It is suggested that this is related to 
the fact that the lateral adhesion between the spreader molecules is smaller 
in the interface than in the surface. The rdatiou between surface and 
inlerfacial pressure, when a lens of hydrocarbon oil containing oleic add 
is in equilibrium with a surface film of oleic acid, is discussed. 

Department of Chemistry, 

Universify of Melbonma, 
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THE ACTION OF LIGHT ON ACETALDEHYDE 

VAPOUR. 

By C. W. Woolgar ♦ and A. J. Allmand. 

Feceived May, 1943. 

The work described below was carried out between January, 1932, and 
June, 1933. The jmper of L^hion and Blacet ‘ on the photolysis of 
propionaldehyde appeared during its course, and their work on acetalde- 
hyde * just as our experiments had to be concluded. Since then a number 
of other papers have been published, of which it seems imnecessary to give 
a compl^ list. The majority of our results are in substantial agreement 
with tibiese subsequent findings. In some cases, however, they differ in 
detail or cover rather different ground and, for -^ese reasons, publication 
seems justified. 

The quartz insolation cell (97 cm. long, 5*1 cm. diameter) was coimected 
by a gr^ed quartz-glass se^ to the remainder of the constant-volume 
reaction system. Two different sets-up were used, depending on whether 
quantum efficiencies were being measured or not. In each, case, the 
apparatus was, in general, of the type described by Leighton and Biaceit,^ 

* Killed on active service in September, 1941, whilst pilotiiig a ni^t fighter 
over hia native Sussex Downs. 

1 /. Amer. Chem, Soc„ 1932, 54, 3165. “ Ibid., 1933, 55, 1766. 

10 * 
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and included a supply bulb for acetaldehyde, a direct rea ding mercury 
manometer -vdth one limb e\'acuated, a freezing-out bulb immersed when 
necessary in liquid oxygen, and provision for evacuation and for pumping 
off the products for analysis. Except for this last purpose, mercury seals 
were used throughout, to the exclusion of taps. The majority of runs were 
carried out at 25® C,, a few measurements being done at 200® C, Tn the 
earlier experiments (series A), ihe outlying connecting tubes were at room 
temperature, under which conditions separation of a liquid polymer was 
not^. This was avoided in the later work (series B—quantum efficiency 
measurements) by using auxiliary electrical heaters. 

The gaseous reaction products were analysed by a modified Bone and 
\\Tieeler apparatus, unreacted acetaldehyde being removed by saturated 
KHSOs solution, carbon monoxide by acid Cu,Cla, and hydrogen and 
methane being determined in the residue by explosion. The presence o1 
ethane was tested for by the method of Walker and Shukla ; ^ none was 
ever detected with any certainty, in agreement -with later published results. 
Unsaturated hydrocarbons were absent. The water-white liquid product 
had a vapour pressure of 0-99 cm. at 16® C., as against i*o2 cm. (2*83 cm. 
a-t 25®) given by a specimen of paralddhyde. We assumed the latter to be 
the polymerisation product. The washings from the cell after reaction 
contained no trace of add. Tests for diacetyl, glyoxal and formaldehyde, 
found ID later work,* were not applied. 

All experiments were carried out with filtered light from a quartz- 
mercury arc. Three filters were used, vw. (i) Cl, gas, (ii) a Cl,-Br, filter 
with an excess of liquid Br,, (iii) 0*5 cm, of 0*003 molar KJOro^ plus o*oi 
molar KOH. The spectral dis^bution of the transmitt^ energy was 
determined at various periods during the work, using a large quartz mono¬ 
chromator and thermopile. On the basis of quanta inddent on the 
reaction cell, the most intense transmitted lines in the ultraviolet were 
respectively 2537, 2654 3 ^ 3 ° When quantum effidencies wero 

being measured (series B), the inddent light was much less intense than m 
series A. A pai^el beam, very nearly filling the cross-section of the cell, 
was employed, subsequently concentrated on to a 2-cm. surface thermopile, 
calibrate by means of standard metal filament lamps. Owing to the 
relatively small proportion of ultra-violet light in inddent beams 
(11-19 %) it was impracticable to measure the absorbed energy directly. 
This was instead calculated from the thermopile readings obtained {a) 
with the cell empty, with and without the interposition of a thick glass 
plate, and (&) witii the cell filled, at various stages during tho run. These 
data weare combined with the measured spectral distribudon of the filtered 
light used and the known extinction co^dents of acetaldehyde vapour, 
the relevant refiection corrections being applied in all cases. 

In what follows, the following aspects of the experiments wUl be 
discussed .. .; (a) the results of the gas analyses, (&) the pressure changes 
during insolation, (c) the quantum emdendes. 

The Composition of the Gaseous Products of Reaction* 

The results considered were all obtained during series A, when consider¬ 
able quantities of gas were available for analysis. The amounts obtained 
during a 24-hour run in series B were of the order of i c.c., and only the 
figures for CX), agreeing with those recorded bdow, can be looked on as 
suffidently reliable. Topical figures are contained in Table I. 

The data are in qualitative a^eement with those published in recent 
years. Thus, at 25®, tho ratio H,/CO decreases with increasing A, but more 
rajadly than was found by Blacet and Volman.® The ratios of CH 4 /CO 

» /. Cham, Soc„ 1931, 368. 

* Blacet and Blaedd, /, Amer. Chstn. 5 o<?., 1940, 6a, 3374, 

® Ibid., 1938, 60,1243. 
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arc appreciably higher than those quoted by Blacet and Blaedel/ whilst 
decreasing slightly with decreasing A. The percentage of CO in the pro¬ 
ducts of photolysis at 200° is rather higher than that reported either by 
Leermakers • for 300® or by Rolleison and Grahame ® for ioo°-35o° 
whilst the proportion of hydrogen, although lower than at room tempera- 
lure, is considerably higher than would correspond to the results of 331acet 
and Volman.® 

It has boon suggested in the past that photolysis of the x>olymerised 
product may have been the cause of discrepancies between the analytical 
results of dillercnt workers on this reaction. We found that 24 hours 
insolation at 25° of the cell containing saturated paraldehyde vapour 
(2*83 cm.), using Cla-filtcred light, ga\^ no pressure change exceeding the 
experimental error (0*01 cm,). This is in accordance with the very low 

TABLE T. 


No. 

Filter. 



rc 

CO. 

FCi‘ntago 

CH4. 

of 

CH«/CO. 

Rat 

llt/CO. 

oof 

c/0. 

H/0. 

A. 4 

Cl.-Bra 

3X-90 

^5 

48-i 

47-8 

4-0 

0-99 

0-083 

1-99 

4-14 

A. 5 


30-43 

25 

48-05 

47-2 

475 

0-98 

0-098 

1-98 

4-13 

A. 9 


33-7« 

25 

40-6 

44-2 

g-2 

0-95 

0-195 

1*95 

4-18 

A. 12 

Cl. 

2Q-97 

200 

49-8 

4l»’5 

37 

O-03 

0-074 

1-93 

3-88 

A. T5 

S* 

34-00 

200 

49-T 

46-0 

3*9 

0-90 

o-o8o 

1-96 

3-98 

A. 14 

Cl, 

5775 

200 

49-5 

47-7 

2-8 

0*90 

0-057 

1-96 

3-97 


extinction coeUcient of paraldehyde in this region.* 1-03 cm. of the 
vapour was then introduced into the apparatus at 200^. There was no 
detectable pressure change in hours. Insolation was commenced and 
continued K>r 65 hours. During this time, the pressure rose to 3*53 cm., 
falling to 3*13 cm. on application of liquid oxygen to the freezing-out tube. 
The gases were not further oxaminea but, taking into account the low 
extinction of paraldehyde just referred to, it seems highly probable that 
^e controlling reaction was the slow thermal depolymerisation of the 
vapour, followed by photolysis of the monomer. 

The ratios in the last two columns of Table I deviate from the re¬ 
spective values of 2 and 4 which they would have if the gases consisted of 
nothing but equal proportions of CO and CH*. No obvious sign of any 
solid product was noticed on the inside of the c<^, nor did its tramunission, 
when empty, altor as the result of an experiment. The liquid product, 
after pumphig out, had a vapour pressure very slightly lower than that of 
pure paralddxyde* No CjHa was found in the gases. The obvious con¬ 
clusion is that the deviations from the x : r :: CO: CH^ ratio are bound 
up with the formation of small quantitlos of liquid products which probably 
dissolve in the polymer during the course of the run. The simplest ex¬ 
planation is to suppose the simultaneous occurrence with the main 
reaction 

(r) CH»CHO CH4 -H CO 
of the two overall reactions. 

(2) aCH,. CHO H, + CH,. CO . CO . CH». 

(3) 2CH, . CHO CO 4- Hi + CHa . CO. CH,. 

® /. Amer, Cham, Soc., 1934, 56,1537^. 

’ RoUefsoa and Graham®, /. Chem. Physics, 1939, 7, 775. 

® Grahame and BoUelaon, ibid., X040, 6 f 98. 

•/.C.r.,5,36s. 
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In Table II, the data for three of the experiments of Table I are ex¬ 
pressed on. this basis, the figures in the numbered coluxnns giving the per¬ 
centages of acetaldehyde molecules which will have undergone decotn[x^hi- 
tion in accordance with the three different schemes. 

TABLE If. 


No. 

Filter. 

Tomp. 

(l) 

CHi +C0. 

(3) 

Diorctyl 

+Ha, 

A (?) 

AtFbmi 

+C0 +H,. 

A. 4 

a,-Br, 

35 “ 

857 

12-9 


A. 9 

a, 

25 “ 

70-6 

21*7 

7.7 

A. 12 

Cl. 

200° 

86-3 

1-5 

I2'2 

I 


Since the work of Barak and Style and of Spence and Wild,i* it has 
generally been agreed that diacetyl will be the product of an important 
chain-ending reaction in this photolysis, and recently Blacet and Blacdel * 
have published the results of experiments in which they have detected 
and measured the amounts produced, not only of diacetyl, but aKo of 
glyoxal and formaldehyde. Neither methyl-glyoxal nor acetone was 
foiind. Their experimental conditions did not, however, correspond with 
ours. Long-continued exposure to the full light of a mercury arc was 
used, " considerable resinous material ” collected on the waUs of the tube, 
and no liquid, but a solid, polymer of acetaldehyde was produced. The 
possible formation of acetone as a product of acetaldehyde photolysis 
under other experimental conditions cannot then be said to have been 
disproved, and, in the absence of ethane, it is difficult to see how any other 
simple explanation can be given of the fact, generally agreed on, that 
more CO than CH4 is produced in the reaction. The ready occurrence o£ 
the process CHs + COCHs CH, . CO . CH, as a homogeneous gas phase 
reaction is regarded by Herr and Noyes 1* as necessary to explain the 
facts of acetone vapour photolysis in the near ultra-violet. 

The following steps are involved in the three overall equations under 
consideration; 


ai CHa . CHO + hv CH* -f CO, 
ati CHa. CHO + AvCHa-f CHO. 
b CHa + CHaCHO CH* + CHaCO. 
c CHaCO CHa -f CO, 
d CHO + CHaCHO -V Ha + CO + CHaCO, 
e 2CHaC0 (CH,CO) a, 

/ i CHaCO + CHa CHaCOCHa, 

?/u CH, + (CHaCO), -s- CHa . CO . CHa + CO + CH,. 

(i) is concerned with a i, b and c, (2) with a «, b, d and s, and (3) with a ii, 
d and/*—or possibly with a «, h. d, e and/it. 

Traning back to Table II, tihe greater relative importance of equations 
(a) and (3) in A. 9 than in A. 4 suggests that the excess of energy contained 
in the primarily formed CHO radic^ may assist in step d, and tiaat possibly 
this may also be true of CH» radicals in respect of step / it. The former 
^ggestion is not a new one (Gknin; 1* Blacet and Volman *). The greater 
importance of (i) at high temperatures {of, A. 9 and A. 12) is concerned with 
step c. The effect of temperature on the relative parts played by schemes 
{2) and (3) is latto striking (A. 9, A. 12). A plausible explanation would 
be that step / ti, which requires activation, becomes important at high 
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^307. 


“ J, Amer. , 19^, da, 2052. 

^Acia PhysicocMmica UJK.S.S., 1938, 9, 68i. 


“ /. CAam. Soo., 1937, 332, 
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temperatures. The analytical data obtained by Anderson and Rollelson 
in their work on the photolysis o£ diacotyl suggest the possibility of such 
a reaction. 

The Pressure Changes Measured at the End of the Reaction. 

At the end of a run, after reading the final pressure, the freezing-out 
bulb was immersed in liquid oxygen, and the pressure again measured. 
It is assumed in the case of series B that the amount of aldehyde decom¬ 
posed is given by one half of this residual pressure, an approximation which 
will not affect the main conclusions drawn. Then, if po is the original 
aldehyde pressure, pi the final total pressure, fhe final aldehyde pressure, 
the pressure of XK>Iymcr, pn the pressure of aldehyde decomposed {2p± 
being pressure at liquid oxygen temperature), and p^ the pressure of alde¬ 
hyde polymerised, we have 

po pA + + ^p, 

p^^ Pi ^ 2 pa 

from which /)p and pt, can be calculated. The results obtained are collected 
in Table III. 

As a result of tho relatively low light intensities employed, the propor¬ 
tion of aldehyde disappearing during the insolation was low, some 2*5-10 
%. The quantities polymerised at 1 and 5 cm. were too small to be 
estimated with any certainty, except at 5 cm, pressure when using tho 
KgCrO* filter, and the corresponding experiments are therefore omitted. 
All runs were at 25° and lasted 20-24 hours. Pressures are given in cm. 

TABLE III. 


No. 

Filter. 

Po* 

Pi* 

^Pa* 

Pa* 

Pp* 

Po* 

Ratio 

*Pa* 

B. 10 

a, 

15-13 

15-54 

0-97 

0-49 

0 *10(5) 

14-33(5) 

0*21 

B. 8 . 

Cl, 

i0'l6 

16-62 

I-08 

0-54 

0-12 

15-50 

0-22 

B.9 • 


2^0 

30-11 

1-93 

0*96 

0-33 ^ 

28-07 

0-34 

B.I8 . 

Clg-Br, 

t()-85 

16-91 

0-50 

0-25 

0*285) 

16*31(5) 

1-14 

B. 20 . 

Clg-Br, 

29*03 

28-96 

0-59 

0-30 

o-5a(5) 

28*19(5) 

1*75 

B.23 . 

Cl*-Br. 

31*78 

31-67 

0-43 

0*22 

0-48 

31*08 

2-18 

B, 17 . 

KgCrO^ 

5*16 

5-24 

0-42 

0 -2X 

0-195 

4-755 

0*93 

B.x6. 

KgCrO* 

3*85 

5-89 

0-39 

0-20 

0-225 

3-4»3 

1*13 

B, II . 

I^CrO. 

15’04 

15-14 

0-45 

0-23 

i-o8 

14-33 

4-70 

B. 15 * 

KgCrOg 

17*30 

16-56 

0*46 

0-23 

1-453 

15-615 

1 S-33 

B.t2, 

KjCrO* 

29*8^ 

28-23 

0-43 

0-22 

2-79 

26*70 

9-8 

13-14 


-*■32*05 

-30-33 

—0-58 

1—0-29 

-3*94 

—28*86 

—12-7 


Apart from what has been said about the runs at i and 5 cm., the 
favourable efioct of increased pressure on polymerisation is obviofis, as 
al^ that of longer wave-length. The actual figures for polymerisation are 
far higher than the " apparent polymerisations " given by I-eighton and 
Blacot.> These authors have tacitly assumed that the polymer exerts no 
appreciable vapour pressure, i.e, h taken as zero in the expressions 

pt^pA + + Pm 

and Pp^ Pa + po — pt + pm* 

No actual pressure measurements are quoted in their paper. 

In series A intensities were higher, of the order of 20-50 tim^ those in 
series B and, during the usual run of about 24 hours, at least 80 % of the 

« Atner, Chem. Soc,, 1941, 63, 816, 










































224 ACTION OF LIGHT ON ACETALDEHYDE VAPOUR 

original aldehyde was decomposed or polymerisetl. The same experi¬ 
mental procedure, viz. measurement of the pressure after the conclusion of 
a run after immersion of the freezing-out bulb in liquid oxygen, was also 
applied in these experiments, but, owing to the facts (c) that the pressure 
of CHi developed exceeded the saturation vapour pressure of liquid methane 
at liquid oxygen temperature (about 8*3 cm,), and (2) that this gas con¬ 
densed out very slowly, no quantitative deductions can bo drawn from the 
results. If the actual pressure reading^ noted after tho first rapid conden¬ 
sation had ceased (,20-80 cm., depending on the experimental conditions 
during isolation) can be looked on, which seems probable, as corresponding 
to negligible or small CH* condensation, then the results of the experiments 
agree with those of series B, in that both high aldehyde pressure and 
longer wave-length favour polymerisation relatively to decompositiou. 
They also show dearly that, at 200® C., the : pa ratio falls considerably, 
although polymerisation when using Qi-filter^ed light is still marked 
(compare ’ and ®). 


Quantum EfiSicleacies. 

For various reasons, the measurements with the two bands of shorter 
wave-length were not very satisfactory. The data with the 3130-3022 a. 
light were far more reliable. The intensities were a good deal more constant 
and also higher, particularly when compared with the Clt-Bri filtered light. 
The results are contained in Table IV. 

TABLE IV. 


No. 

Initial 

Pzeanire 

<cin.). 

sr. 

ru* 

yp. 

No, 

Initial 

Presittn* 

(cm.). 

Iter. 

vd - 

yp* 

No. 

K,qi^«-F 

Initial 

Pienoro 

(om.). 

ator. 

yp* 

1 - 7 

1-25 

o*8o 

_ 

B. 22 

571 

0*49 

,11 

B. 17 

5-16 

o«3i 

0*29 

B. 3 

4-90 

i-ii 

— 

B. 21 

6-z8 

0-54 

— 

B. 16 

3-85 

0*32 

0*36 

B. 4 

4-98 

i-ii 

— 

B. t 8 

16*85 

0*76 

0*87 

B. II 

15-64 

0*20 

1*22 

B. 10 

15-13 

0*86 

o-i8 

B. 20 

29*02 

0*66 

1*10 

B. 15 

17-30 

0*21 

1*33 

B» S 

l6'iC 

0-78 

0*17 

— 

— 

— 

— 

B. 14 

29-84 

0*23 

2*26 

B. 9 

29-36 

1*01 

0-34 

— 

— 

— 

— 

B. 12 

31-31 

0*20 

2*54 









B. X3 

32-05 

0*24 

2*83, 


The values of /]> are based on the assumption, only approximate but 
generally adopted, tiiat CO and CH4 in equal quantities are the sole decom¬ 
position products. The figures for which refer to molecules of acetalde¬ 
hyde, not of polymer,, are obtained from yj, by multiplying by the ratios 
in the last column of Table III. 

The values of yji, for the regions 2537-2654 A. (Table IV(a)) and 2654- 
2804 A. (Table IV(h)), are in general accord with the resulis of Leighton 
and Bl^et,® whose incident intensities, expressed as ergs/second, were 
respectively about twice and three times our figures. The values for tiie 
region 3130 J3022) a. are in much closer agreement, particularly if the 
factis takm into account that our incident intensities were only 5500-6600 
ergs/second, or about 25-30 % of tiie intensities used in the majority of 
thdi e3q)eriinents. It may be noted that they found at a given in¬ 
tensity, to rise with fall in aldehyde pressure, whilst our highest values 
were also obtained with the low^ alddbyde pressures used. 

Attentiou has already been drawn to the relatively high degrees of 
polymerisation observed in our work. These are in agreement with the 
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earlier exjieriracnts of Bowen and Watts,who found, after a necessary 
correction has been applied to their fip^ures,^ fewr saturated, and yp for 
unsaturatcil vapour, to be respectively about 0*22 and 0-88 with light of 
3130 A. The data of Table IV («) and (c) are concordant with the work of 
Goriu.^* As, liowevcr, some important aspects of his results have recently 
been (iucstioucd,i’» no furtlier discussion will be attempted. 

Summary. 

The behaviour ol acetaldehyde in ultra-violet light lias been examined, 
the proportion ol tho starting material undergoing reaction being consider¬ 
ably higher than in quantitative studies reported during recent years. 
Large quantities of a liquid pol3?Tner, in all probability paralddhyde, are 
product, the relative degrees of deIx>mpo.sition and polymerisation de¬ 
pending on the experimental conditions. There were no complications 
arising from subsequent decomposition of the polymer. 

The analyses of the gaseous products of photolysis, which are in general 
agreement with those of other workers, lead to the conclusion that the 
only simple explanation of the data involves the formation of acetone as a 
reaction product. 

Quantum officieucy measurements are briefly reported. Those for tho 
decomposition agree, witliin tho limits of experimental error (sometimes 
considerable) with the results of Leighton and Blacet. Those for the 
polymerisatiou are mure detailed than any others hitherto published. 

The junior author would have wished to acknowledge the receipt of a 
maintenance grant from the Department of Sdentifle and Industrial 
Research, which enabled him to engage in this work. 

University of London, 

Kiii^*s College, 

” J, Che^ii, Soc,, 1926, 128,1607. 

BUkcei and Heldjnan, /. Amer, Chom, Soc,, 19421 64, 889. 

Blacet cind Loefflor, ibid., 893. 


REVIEWS OF BOOKS 

Principles and Practice of Ohromato^pliy. By L. Zbchmeister 
and L. CuoL^oiey. Translated from the second and enlarged German 
edition by A. L, Bacharach and F. A. Robinson, with a foreword 
by I. M. Boilbron. (London: Chapman & Hall, :r943.) Pp. 
XY + 378. Price 258. net. Second impression. 

The reprinting, after two years, of Zechmeister and Cholnoky's book 
is in itself proof of the great and still increasiog importance of chmmatog- 
raphy both as an analytical and a preparative procedure. It is no ex¬ 
aggeration to say that to-day chromatographic adsoxption methods are 
used in some form by the large majority of organic chemists; these will 
And Zechmeister and Cholnoky's monograph an invaluable adjunct in 
their work. 

The introductory portion of the book, containing a discussion of the 
theoretical aspects of chromatography, is particularly important and 
exceptionally wdl doenmented by references to the oiigmal literature. 
The book is thus not merely a guide for the practical organic chemist 
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who uses the method more or leas empirically, but contains a discussion 
of the many problems still awaiting solution. This is of particular interest 
to the ph3rsical chemist, to whom the subject must atford a wide field of 
inquiiy. 

The translators are to be congratulated on having added to the present 
edition a supplement containing over 300 additional references covering 
the period 1938-1941, This constitutes a valuable guide to a rapidly 
growing branch of chemical literature, even though it is not claimed to 


be complete. 


G, A. R. K. 


High Polymers; Vol. IV. “Natural and Synthetic High Polymers, a 
T^book and Reference Book for Chemists and Biologists.** 
By Kurt H. Mtjykr, translated by L. E. R. Picken. Interscience 
Publishers, Inc. New York, 1942. Pp. 690 -|- xviii. Price eleven 
dollars. 

This volume, bringing up-to-date the systematic part of the important 
pioneer book by Meyer and Mark, Die Aufbau der hochpolymeren substanzeiit 
1930, is a masterly and many-sided work, likely to remain the standard 
textbook in its fidd for many years to come. It begins with a general 
account of the principles and methods of investigation suitable for high 
polymers, and then proceeds to a systetnatic description of all the principal 
types of polymers known. First come inorganic polymers of many kinds; 
next, 130 pages on rubber and synthetic organic polymers of practically 
all kinds; complex carbohydrates occupy the next 200 pages, the sections 
on cellulose and the complex substances which accompany it in nature 
being exceptionally complete and informative; in the next 140 pages, 
although the author confesses himself unable to deal with proteins to hLs 
own satisfaction, he contrives to give a perfectly balanced and very readable 
account of most of their important properties, and many will find this one 
of the best accounts of proteins, especially in their ph3rsico-chemicaI aspects 
insofar as these can be linked with their chemical constitution, to be found 
anywhere at the present time. Tliis chapter concludes with a short account 
of viruses. Finally, there are less complete sections on surface films, 
membranes and their permeability, bio-electric phenomena; and one, 
probably intended as an introduction to a much wider and only slightly 
explored fidd, deals with the molecular Htructurc of animal and plant 
tissues. 

Not only are almost all properties of high polymers very ably and 
oondseiy reviewed, but also Ihe author coattnually shows how the macro¬ 
scopic ]f^ysical and mechanical, as well as chemical, properties depend on 
the chemical constitution of the substances which are pol3mieris^. For 
the first time, perhaps, the importance of what may he termed “ chemical 
morphology,” the organisation of structures composed of units of 
known chemical properties, is clearly and compr^ensively set before the 
reader. The book is a model of what a modem textbook of organic 
cheTnis try should be, but alas! so s^dom is. The author is a master of 
the classica l ch emi cal technique of organic chemistry, whose principle 
were so thoroughly worked out in the latter half of the nineteenth century, 
but he properly discards all conventional distinctioiis between “ organic ” 
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and " physical" chemistry, and marshals with consummate generalship 
organic chemical technique, X-ray diifraction, electron microscopy, 
optical and thermal invchtigations, and all the usual physico-chomical 
methods applicable to solutions, to elucidate the molecular constitution of 
these complex substances; and the whole is brought clearly into relation 
with the mechanical properties. As might be expected from one who has 
held a very important position in chemical industiy, the industrial aspects 
of high polymers are treated in considerable detail^ although this is 
primarily a scientific, not an industrial, textbook. 

The book may prove to be one of the really great textbooks of chemistry. 
One is tempted to compare it with Meyer and Jacobson's Organic Chemistry. 
Its style is less spacious and leisurely, and it does not, of course, cover all 
types of organic compounds. It does, however, focus on a most important 
group of compounds a wide range of methods of investigation, many of 
which were unknown when the earlier great textbooks of organic chemistry 
were written. Lt is no less readable than Meyer and Jacobson, and scarcely 
less thorough and well-balanced. As the title indicates, it is intended for 
chemists and biologists—one might add, also, for progressive industrialists. 
The relation between chemical constitution and physical properties, of a 
useful kind, which depend on structural organisation of large numbers of 
molecules, is a branch of chemistry hitherto rather neglected, but it is of 
immense importance to biology and to industry. 

The reviewer has very few criticisms; a purist would probably criticise 
the thermodynamic r^soning on pp. 149-55, but the final formula for the 
thermo-elastic efiect appear correct, and the subsequent explanation of 
this effect in terms of quite easily visualised probabilities of the arrange¬ 
ment of molecules is an unusually clear exposition, qualitatively, of what 
entropy can naean in terms of oiganic molecules. A very few sections are 
a little sketchy, but these are not part of the main plan of the book. 

The author is a great German chemist, for whom his country, we may 
hope only temporarily, had no further use after X932. The translator, 
who has done his work so well that no one would guess the present volume 
was a translation, is in Cambridge, E ngl a n d; and the editing and printing, 
also of the highest quality, are from America. If tiiis volume could be 
taken as an indication of what we may expect in international co-operation 
after the war, there need be no fear as to the future of the post-war worlcL 

N. K. A, 

Schmidt’s Organic Chemistry. Fourth English Edition by H. Gordon 
Eulb. Gurney 8 c Jackson, London. Pp. xxvii -f- 9 ^ 3 - I^nce aSs. 
net.) 

Dr. Gordon Rule was able to send the manuscript of this book to the 
printer before he was overtaken by fatal illness. The revision and the 
choice of new matter was done with that thoroughness and competence 
which was characteristic of him. 

Schmidt established itsdbE as a book of reference parti c ul ar ly 
suitable for those whose daily work only touches organic c hemis try to a 
lesser extent. It is entitled a text-book but it is more than that. The 
text is so full and so adequately annotated and indexed that it can be 
used as a book of reference. A particularly useful feature of the annota¬ 
tion is the tnfiitifrfnn of refexcixces to fuller works where the subject can be 
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studied. By way of example, a new Chapter XIII of Part III deals with 
Synthetic Resins; it quite properly o(nly occupies lo pages but the reader 
is referred to this Sociely’s 1935 Gene^ Discussion and to other work. 

It should be unnecessary to detail the general outlines of tho book. 
The same lay-out as in previous editions is maintained; Fart I Aliphatic, 
Part II Carbocyclic, Part III Hetesrocyclic. New matter deals with the 
electronic theory of benzene substitution (as an addition to Part IT, 
Chapter II, Introduction to the Aromatic Series), Robinson’s theory ol 
phytosynthesis of the alkaloids (summarised m about 2 pages) and reson¬ 
ance (which in 1936 received only passing mention and now occupies 
6 pages). The 4 pages dealing with rubber now more logically come in 
Chapter XII, Fart II, following the terpenes, and are followed by 3 pages 
on synthetic rubber. Four pages are added to Chapter XIV, F^ II, to 
deal with strainless rings and condensed ring structures. A new chapter 
(XVIII) is added to summarise present knowledge on the steroids and 
sex hormones, which received scant attention in 1936 and were then found 
in the last chapter dealing with vitamins and enzymes. Oth^ new 
chapters deal with recent developments in chemotherapy and deuterium 
compounds. 

Dr. Campbell, who saw the work through the press on the death 
of the author, has devoted great care to bis task; misprints are rare and 
one appreciates how readily organic formulae lead to difitoilty with 
printeis. The pnbli^ers are to be congratulated on the production and 
binding whidi are " pre-war ”; the price is reasonable. 



THE SURFACE TENSION OF WHITE 
PHOSPHORUS. 

By E. Hutchinson, 

Received 31s/ May, 1943. 

1. The Surface Tension of White Phosphorus. 

The only value to be found in the literature for this quantity is that 
given by Rainsay,i This value must be discounted as, on that author's 
admission, the contact angle of phosphorus against glass, though observed 
not to be zero, was not measured but was assumed zero for the calculation. 

Experimental Method. 

The Sugden Maximum Bubble Pressure Method was used as this 
method obviates the need for measuring the contact angle. The apparatus 
used was that described by Sugden * with the following modifications :— 

1. The gas (COi) was blown through the molten phosphorus as this 
afforded better rates of bubbling. 

2. A Bourdon gauge was used to measure the pressure diftorence 
instead of the alcohol manometer used by Sugden. This was necessary 
because the whole apparatus had to be evacuated to remove oxygen. 
The gauge was calibrated against a merc^ manometer. 

The phosphorus us^ in these experiments was kindly supplied and 
very carefully purified by Mr. G, Inglis of Messrs. Albright mui Wilson 
Birmingham. Sulphur, lead, iron, and organic matter were absent, 
and arsenic was present m less than 20 parts per million. 

The CO| used for bubbling was freed from oxygen by bubbling through 
molten phosphorus before bc&g admitted to the apparatus. 

Having introduced the CO*, bubbles were blown in the molten phos¬ 
phorus and the pressure difierence across the two sides of the bubble 
measure dhrectiy on the Bourdon gauge. 

Results. 

The apparatus was calibrated against a number of organic liquids and 
the mean calibration used. Table I gives a list of the Uquids used for 

TABLE I 




y obivd. 
aymfem. 

I.C.T* valne 
dynee/cm. 

Chlorobenzene « 

i 8'0 

Used as initial calibrani 

Chlorofona 

i 8 *o 

27*31 

27*36 

Diethyl ether . 

i 8 -o 

16*70 

1679 

Methyl alcohol . 

18*0 

22*33 

22*43 

Acetone * 

1 

i 8'0 

23*10 

83-83 


1 Sir W. Ramsay, 189^, & 4 f 

* S. Sugden, »W 3 ., 1922, lai, 058. 
239 


11 
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the calibration. Table II gives 
calculated from the equation :— 

y = 1-224 X 


the results obtained for phosphorus 



d/)/9«i/ 


(I) 


TABLE 11 


Temp. "C. 

Y dynes/cm. 

50*0 

1 

6970 ± 0-3 

54-0 

68-53 

0-3 

6o-2 

66-95 

0-3 

68-7 

64‘95 

0-3 


where d^ pressure difference in 

dynes/sq. cm. 

and p = density of phosphorus. 

The obscarved parachor of atomic 
phosphorus as calculated from these 
results is 5X*2. To obtain the true 
parachor something must be known 
of the molecular composition of the 
molten phosphorus. The following 
structures may be proposed for the 
polymerised molecule— 


(I) PaP 


P=P 

w u 



The true parachor can then be evaluated as 

(1) [Ploti = 102-4 Treble bond = 46-6 [P](atoniic) =* 27-9. 

(2) [P]oi»i = 204-8 2 double bonds = 46*4 

4 membered ring = ii-6 
[Pjatomio = 36’7- 

(3) C?]oT»B = 307-2 3 double bonds = 69-6 

6 membered ring = 6-i 
“ 3 ^*^- 

The value for the atomic parachor of phosphorus quoted by Sugden and 
calculated from the parachors of various phosphorus compounds is 37*7: 
this is intermediate ^tween the values for structures a and 3. Structure 
I would therefore appes^ to be unlikely, whereas structures 2 and 3 may 
well represent the constitution of molten phosphorus. 

The Edtvos constant of phosphorus as calculated from the author's 
data is 1-38. which, when interpreted on a basis of molecularity, yields a 
value of 2. It is known that the associatiou in phosphorus is much higher 
than this. P^. P.. If any meaning is to be attached to the moleculanty 
obtained in this way it may imply that of the various polymers present 
in molten phosphorus the P, mol^ulo is the most surface-active species. 


2. On the Measurement of Interfadal Tension. 

There has long been fdt the need for an accurate and rapid method 
of measuring int^adal tension. There are several methods available 
but they all suffer either from limited applicability or from difficulty in 
operation. The most generally used and probably the most accurate is 
the drop-volume meth^.* but it is tedious in view of the eanctin^ con¬ 
ditions required for the formation of the drop and the care needed in the 
prepaiatioii of the tip of the dropping tul^. Small variations in the 
rate of bubbling lead to quite considerable error and the method also 
involves the te^us calculation of the appropriate correction constant. 
When only small quantities of material are available the micro-method 

•Harkinfl and Brown. 19x9. 41» 499* 
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similar to that used by Adam * for surface tensions can be used. Although 
the method gives accurate results, it is unsuitable for rapid routine deter¬ 
minations. The ripple method * has been applied to interfadal measure¬ 
ments but with no 
outstanding success; 
this method which is 
only quasidynamic 
requires a large in¬ 
terface which is diffi¬ 
cult to keep clean. 

The ring method • 
as applied to inter¬ 
faces promised to be 
a very accurate and 
rapid method but it 
is limited in applic- 
abihty. For the de¬ 
termination to be at 
all possible the ring 
must be completely 
wetted by the lower 
liquid; this condi¬ 
tion is not satisfied 
by many liquid-liquid 
systems. Tim method 
is very good where 
applicable and is ono 
of the few methods available for interface at which insoluble films are 
being spread and at which tiine-factors enter into account. ^ 

Various methods have been proposed which involve the principle of 
capillary ri8e,«»*»“ All these, however, involve a knowledge of the 
interfacial contact angle, and al'^ough in all cases of data obtained by such 
methods this angle is observed, or assumed, to be zero, this is not ^ways 

the case. The difficulty of measuring 
contact angles is at least as great at the 
liquid-liquid interfaces as at the gas- 
liquid interface so that i£ the contact 
angle is not zero the method involves 
considerable labour and, prohably> con¬ 
siderable error. 

An attempt has therefore been made 
to modify the Sugden Maximum Bubble 
Pressure Method»for use at liquid-liquid 
interfaces, as this method is independent 
of contact angles. The problem was 
purdy a practical one as the theory of 
blow^ bubbles of one liquid inside 
another is the same as that for blowing 
babbles of gas inside a liquid, 

E:q>erijtneiital Method. 

The apparatus is shown in Fig. z. It 
consists of a tubeT diam. s, 4mm, sealed 

^ N, K, Adam, TAa Physics and Chsmisiry of Surfaces (Oxford Uuiveisity 
Ptess, 1938), p. 379. • Watson, Physical Review, igoi, la, 257, 

* Harkins and Jordan, 6 th CoUoid Sympositm Monoiraph, 1929, p. 39 * 

^ Alexander and TeoieU, Trans, Paraday Soc,, Z 939 > 35 # 727. 

* Reynolds, J,C.S,, 1921, 119* 460, 

^ Bartell and Mack, /. Amer, Chern. Soc,, 1932, 54 * 938, 

«Speakman, J,C,S„ 1933. 150, 1449 * 





232 THE SURFACE TENSION OF WHITE PHOSPHORUS 

on to a bulb B, to which is also scaled a side tube M and a U-tubc U 
which is drawn off to a capillary C. Two such bubblers, differing only 
in the size oi the capillary tip, are sealed into the wide tube E (Fig. 2) 
which fits into a tube F by means of a ground joint, in such a way that 
when the apparatus is set in a vertical position the two capillary tips are 
at the same height. 

Liquid X is poured into F so as to cover the capillary tips to a height 
of about I cm,, and liquid Y is poured down the inside of the tubes T, 
care being taken that no air bubbles are trapped in the capilhuies, until 
the liquid Y reaches a height about 2-3 cm. up the side tube M. The 
pressure of the air above ihe hquid Y in the tubes T is then gradually 
raised by means of an aspirator and the level of Y in the tube M rises. 
At a ceilnin critical height H' however the level ceases to rise and then 
rapidly falls as a bubble of liquid Y is formed inside liquid X and then 
detaches itself from the capillary tip. By raising the pressure slowly the 
height h' at which the maximum pressure is reached is readily olwerved. 

All that is required for a determination of the interfadal tension is 
the difference (A' — A") of the heights at which the bubble breaks away 
from the capill^es i and 2. 

The Sugden approximatioD formula can be used in the calculation of 
the interfadal tenmon;— 

T = (A' — A"). gp . . constant . . (2) 

where p is the density of the liquid Y and r is radius of the wider capillary. 
The correction term for the apparatus when r ^ about 0*5 mm. is of the 
order of 0*2 % so that to this order of accuracy the apparatus is direct 
reading in that the interfadal tension is proportional to (A' — A"). 

It appears to be immaterial whether the liqmd X is heavier or lighter 
than liqi^ Y. 

The apparatus was calibrated against the chlorobenzene-water interface. 
The values given by the apparatus for various other interfaces are shown 

in Table III. 
Preliminary 
rough experi¬ 
ments show 
that the ap¬ 
paratus yidds 
results of the 
correct order 
for mercury- 
oil systems. 

The appar¬ 
atus was used 

to measure the interfadal tension of molten white phosphorus against 
water and a number of organic liquids. It was found that it was rather 
better to have the phosphorus in ttie inner tubes T; the phosphorus was 
protected against atmoEfpheric oxidation by coveoring it with the liquid X. 
The number of readings to be made is thereby increased; the term 
(A' - h") in equation a is replaced by (A*' - hx")px + (Ap' - Ap'Opp where 
A' and A" refer to the wide and narrow tubes respectivdy, and pp and p* 
are respectively the density of phosphorus and the liquid X. By careful 
filling of the apparatus the term (Ap' — Ap'O can be mc^ very small. 

All the liquids used were freed from dissolved oxygen and the phos¬ 
phorus and Hquid X were in all cases mutually saturated. 

The denrf.^ of the various liquids when saturated with phosphorus 
were measured in order to calculate the interfacdal tension. By com¬ 
parison of these yalues with the values for the pure liquids the solubility 
Off ihosphorus in the various solvents has been calculated. These may. 


TABLE HI 


Syttem. 

Temp. *C. 

y Observed 
dsmm/om. 

I.C.T. value. 

Chloroform-water . 

20*0 

31-6 

32-80 

fc-Heptane-water . 

20*0 

50-4 

— 

Benzanewator 

20*0 

35-1 

35*00 

Diethyl ether-water 

20'0 

io>9 

1070 
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of course, be inaccurate duo to non-additivity of the volumes of solvent 
and dissolved phosphorus. 

Results. 

The results obtained with phosphorus and a number of liquids are 
given in Table JV. 


TABLE IV 


Sybtenu 

Temp. "C 

y Dynes/nOi 

Solubility of Pgx&. 
xDbla/litie. 

Heat of 
tdatloa. 

Phobphorub-water 

4b*o 

52-90 


_ 


5a-8 

5i*ao 

— 

— 


01*0 

49*70 




64-0 

48*10 

— 

— 


71*0 

46-7 

— 

— 

P-benzene 

52-0 

13*0 

0*689 



Oo*o 

12-5 

0*868 

4-97 


67*0 


1*269 

4*82 

P-cydohexane . 

50*0 

18*1 

0*634 



58*0 

17*9 

0*901 

6-94 


69*0 

17*2 

1-192 

8-00 

P-fi-hexano 

50*0 

23*3 

0-978* 

— 


OO'O 

237 

0*992 ♦ 

— 

P-Et alcohol . 

50*0 

297 

0*573 



Oo*o 

27-9 

0*6^ 

3-81 


68*0 

27*4 

0*772 

3-32 

P-acetono 

46.5 

29*4 

0*258 


50*0 

29*1 

0-385 

2*06 


54-0 

29*1 




* Probably slightly Incorrect. 


With 80 few results it is impossible to arrive at any general condusioos 
but tho wsdues show that, as one might expect, tiie greater the solubility 
of the phosphorus in a liquid the lower 
is the intmadal tension; the results 
also demonstrato quite clearly the effect 
of molecular strudnire on the inter&icial 
tension; e.g. phosphorus has the lowest 
interfaoid tendon agaizist benz^ That 
the double bonds in benzene play a part 
in the assodatioiL with the phxkphoms 
is shown by tho increase in interfadal 
tendon in passing from benzene to oydo- 
hexane, whSdethe increase in passing from 
C3rclohexane to hexane shows that the 
c^c nature of benzene and cyclohexane 
influence the association. 

The author^s best thanks are due 
to Messrs. Albright and Wilson Ltd., 

Binpiagham, for a grant which enabled 
this work to be carried out, and also to 
Professor E. K. Hideal, F.R.S., and 

Bra. A. E, Alexander and J. H. Schulman for helpful discussions. 
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Summary. 

The surface tension of molten white phosphorus has been measured. 
An apparatus, which is independent of contact anpfle, has been devised 
for the measurement of interfacial tension. 

Values for the interfacial tension of phosphorus against several liquids 
have been determined. 

The Departme^ii of Colloid Scieiice, 

Free School Lane, 

Cafhbridge, 


THE SCHUSTER BAND OF AMMONIA, AND THE 
ELECTRICAL SYNTHESIS OF HYDRAZINE. 

By E. J. B. Willey. 

Received 2^nd June, 1943. 

In previous communications it has been shown * that the Schuster 
band at A5635 a, developed by a glow discharge in streaming ammonia 
at low pr^ure, can be attributed to a chemiluminescent reaction : 

NH + NH, Nja/ + hv. 

In 1934-35 much further evidence was obtained hereupon, and the present 
notes are offered as guide to any who may find the topic of interest. A 
fuller account cannot be given since aU original data, spectrograms, etc., 
were destroyed by enemy action before results had been worked out. 

1. Intensity of Schuster Band and Yield of Hydrazine. 

Fundamental to this theory was the claim by Koenig and his associ- 
ates * that a strong Schuster band must be present in the discharge spectrum 
if the 3deld of hydrazine is to be good, and in a region of pressures where 
preradiative deactivation of NjH*' would be unlikely, an actual propor¬ 
tionality might be expected herein. The band was isolated by a mono¬ 
chromator from a discharge in streaming ammonia (> 99*8 % NH,) at 
5 mm. pressure and its intensity measured upon a photocell. Excess 
NHa, together with any NiH*, was trapped by liquid air, and permanent 
gases collected at the pump esdiaust. So loxig as tube and dectrodes were 
"kept cool, the velocity of decomposition was proportional to current, as 
ot^erved earlier by Davies * and Westhaver,* and the reaction seemed 
to be a volume process'Since its rate was independent of apparatus 
geometry. U heatmg-up was permitted, the velodiy increased and a 
wall reai^on appeared to develop as well since experimental diapositioiis 
them became important. Intensity of Schuster band was simil^ly pro¬ 
portional to current in the " cold " discharge, or until strong nitrogen 
bands developed and rendered its isolation doubtful. The oc-bands— 
already attributed to chwniluminesceat reaction of N,H4 and atomic 
hydrogen ^—also became noticeable at about the same point. 

It would seem, therefore, that the Schuster band is associated with 
the primary dectrical decomxx)sition of ammonia, and the oc-band with 

' Waiey, Trans, Faraday Soc,, 1934, 30, 230. 

• Faaxae and oriieis, Proe, i?oy. Soc., A, 1933, * 43 f n®; i 935 . * 5 ** ; 

1936* 173; Trans, Faradt^ Soe„ 1935, 31, 786, 792. 

> Koenig and olheEts, Z * physih , Chm ,, A, 1928, 139 » 2x1; I 939 i X 44 f 213. 
BodensteinFssiband, X931. 

* Davies, Z , physik, Chem., 1908, 64, 657. 

» Weatbaver, /. Physio. Chem,, 1933, 37, 897. 
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secondary processes. In spite, however, of the utmost care in analytical 
arrangements, hydrazine could never be recovered, even after long runs, 
in quantity enough for determination. Blank experiments sliowed that 
aepiation of a little NjH4, by boiling oil large excess of NH*, is quite 
satisfactory, and one can only conclude that with the 50 cycle A.C. or 
D.C. glow discharges used by the writer, hydrazine did not separate in 
appredablo amounts. Ozoniser discharges at the same frequency through 
ammonia gas at atmospheric pressure also gave traces only of hydrazine, 
in agreement with Davis* original observations.* Moreover, the exhaust 
gases invariably had the composition Nt: Hj = i : 3, which would be 
impossible were hydrazine leaving the discharge, since the only feasible 
reaction is :— 

2NH, N,H4 + Ha 

and if this were accompanied by other decomposition of NH* to its ele¬ 
ments, the ga^us products would be richer in hydrogen than has been 
observed. This same observation as to permanent gases was made by 
Koenig in conditions where, however, he claimed a yield of 80 % NjHi 
on NH, decomposed, two statements obviously incompatible.* Further¬ 
more, ^e reaction of with benzaldehyde to give benzalazine, used 
by Koenig to identify his product, is of little value when KH, is present. 
In this case, or with ammonia alone, a white solid is obtained which melts 
very nearly at the point (93° C.) given by Koenig for his material, and it 
is hard to avoid the conclusion &at he was really dealing with impure 
hydrobenzamide.t 

2. The Action of Impulse Discharges upon Ammonia. 

The extromdy short duration of the individual “ flash in an impulse 
discharge is highly favourable to reactions involving intermediate states 
of short duration.* Since evidence is not lacking tibat free radicals are 
formed in a discharge through ammonia ^ and may be of importance in 
the synthesis of hydrazino, the action of such controlled impulses was 
studi^. In rapidly-flowing NHg at 5-10 mm. pressure, formation of 
hydrazine was practicaUy undetecinble, although the amount of ammonia 
decomposed, calculated on a basis of molecules per coulomb, was much 
greater than witili A.C. or D.C. discharges of the same power, "ii^e (current, 
reaction velocity) curve was also more quadratic in form, indicating probably 
a different mech^ism of chemical change as compared with that obtaining 
in sensibly continuous discharges. 

The discharge itself had moreover a vivid red colour, in marked con¬ 
trast to the delicate green of other types, including those in ozonisers, and 
its tqpectrum showed most obviously very strong Balmer lines, fedrly intense 
KH bands at A3360, 3370, and some smaller emission In the further U.V. 
The common nitrogen bands did not appear. No trace of the Schuster 
band could, however, be found, even with exposures of 4 hours* duration, 
using a Hilger E. 3 spectrograph and Ilford hyper-sensitive panchromatic 
plates (H and D 7000). This observation as to loss of Schuster band in 
condensed discharges agrees in the main with previous studies by Rammer ’ 
who, working at h^her pressures, could not however, eliminate it entir^y. 
It does not prove that !NH can be present in excess of NHg and yet fail to 
react as suggested. A simple calculation, based upon the known frequency 

* E.g, p. Z22 of his first baper —das aus Wassarstoff und Siichstoff in Vohm- 
vwhmMs I; 3 besiah&nds Zaneisungsgas. P. 217 of his second paper— 
Veylasssn des Elskirisaiors , , , dis Analyse des GasresUs ergab slefs nahent 
das theoretische Volumverhddinis : Hg ■■ 1:3. 

t C/. Beilstein» 4th edition. Vol. 7, p. 215. For advice upon this topic the 
writer IS indebted to Dr. J. W. H. Old h a m . 

• Willey, Proc, Rw. 5 w?., A, 1935* ; * 937 * Wf 247 - 

»Blnuner, Proo, Roy. See., A, 1923, 103, 696. 
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of discharge, and the yield of permanent gases from ammonia flowing at 
a given rate, showed that here a very large proportion of the NHj actually 
in the path of the discharge must be decomposed at each flash," so that 
NH radicals would have only a poor chance to find reaction partners during 
their short existence. This point is further discussed in the next section. 
Attention may, however, be directed to this strong development of hydrogen 
spectra, since it clearly suggests a means to determine reaction mechanism, 
and da^ had in fact been obtained thjcreupon. It may also be of interest 
to note that the effect persists even with very small condenser capacities 
and hence instantaneous power input. The NH, seems to be very easily 
decomposed—as the small amount obtained at equilibrium in the electric£d 
synthesis would also suggest—and pass mainly to excited atomic hydrogen 
and NH; nitrogen, if formed in tie primary reaction, appears in a non- 
exdted condition. 

3. Spectra of Various Zones of the Discharge. 

A reaction NH, + NH NiH,' NJH* + hp requires that the 
Schuster band shall not appear in conditions wh^e NH cannot be formed, 
or NH, cannot exist. Existing data seem to show that this condition is 
satisfied.^ 

As criterion for formation of NH, it would seem justifiable to adopt 
appearance of the A3360, 3370 bands (3JI — 32J), which are cleaxly aasod- 
ated with easily-formed and low-energy states of NH since they develop 
in flames (c/. ^ and references cited). We may therefore exp^ simul- 
taneous appearance of these NH baiids and the Schuster band, provided 
that a sufficiency of ammonia is present. The discharge tube was here 
made of dear quartz (22 x 1*5 cm.), and the gases entered and left through 
hollow dectrodas of ednminium, ground into the silica, and provided with 
^ass liners whose ends were sinfll^ly brought flat with the electrode faces ; 
this arrangement was found necessary to prevent the discharge from 
running up inside the poles. A moveable shidd of metal, blacken^ inside 
and fitted with a slit i mm. wide at right angles to the tube axis, enabled^ 
spectrograms to be taken of any desired zone of the discharge. Spectro¬ 
graph and plates were as before. With D.C. at 3 mA in ammonia flowing 
at 10 l./hr. (measured at N.T.P.), pressure in the apparatus being 2 mm. 
Hg and very little decomposition taking place, the positive column showed 
only mild emission of Scffiuster and A3360, 3370 "NK bands, but cathode 
and anode glows gave them at high intensity, although towards visual 
observations they were masked by strong nitrogen bands. In no part of 
the discharge was it possible to obtain NH and Schuster bands inde¬ 
pendently, and in further experiments with nitrogen-hydrogen mixtures, 
the latt^ band never appeared. It is to be concluded then that in 
presence of excess ammonia, the emitters of (siT -1- 32?) NH spectra, and 
of the Schuster band, are always coexistent, as dema^ed by theory. 

Westhaver,^ using a D.C. discharge in ammonia with the tube immersed 
in a refrigerant, obtained a condensible product only in the region of the 
positive column, and when the gas was less than 30 % decomposed. With 
the reasonable assumption that notoriously uns^ble NiH, is undergoing 
decomposition by excited nitrogen obviously present in cathode and 
anode glows, this observation is in harmony with the above apectrographic 
studies and supports the theory under con^deratlon, 

4, Absorption of the Schuster Band by Hot Hydraadne Vapour. 

As already poin^ out, the most serious objection to a theory that 
the Schuste hand ^ emitted by nascent hydrazine is the absence of a 
corresponding band in absorption.^ Although tb^ may not prove insuper¬ 
able, xbe absorption spectnun of hot hydrazine vapour has been axanuned 
in esse the transition concerned should be one from an upper state to 
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mildly excited vibrational levels of the ground electron state. Thermal 
instability of KaH4, which decomposes rapidly above ca. 250® C., will 
reduce the number of such levels, but might al^ account for the limited 
yield of hydrazine actually recoverable from a discharge, supposing this 
material to be formed in too hot ** a condition, to have more than a 
small chance of survival. 

Hydrazine was prepared from the c.p. hydrate by distillation from 
BaO in apparatus constructed entirely &^om pyrex or quartz. Part of 
the same apparatus was arranged as absorption tube (of quartz) so that 
the spectrum of a mild A.C. discharge, running as steadily as possible in 
a constant stream of NHj, could be photographed through an 85 cm. 
■column of NaH| vapour heated to 150® C. at atmospheric pressure. 
Circulation of the vajwur was effected by distillation between heated and 
cooled traps, and a single tap, protected by another trap upon which a 
freezing mixture was permanently maintained, served for connection to 
a pump for preliminary evacuation and for removal of gases formed by 
slight decomposition of the reagent. 

'Iteee pairs of runs were made wherein the discharge was photographed 
{a) wi*^ the absorption tube evacuated and (6) through a current of heated 
and distilling hydrazine. In two cases visual examination of the plates 
indicated a small but definite absorption of the Schuster band, other 
spectra such as the Balmer lines, the A3360 and 3370 NH bands, etc., 
living much the same intensity in both control and experimental runs. 
In the third case the result was not so definite. 

These last experiments, together with others upon the spectroscopy 
of reaction products from a discharge in NH*, where indications were 
obtained as to the survival of unstable products for some seconds, the 
decomposition of NH^ in various types of discharge and probable reEiction 
mechanisms, cannot further be dwussed, for reasons already given. 

Summary. 

Experiments are described which support the theory, already advanced, 
that the Schuster band of ammonia origiziates in a reaction: 

NH, + NH -4^ NJH/ -4. + hv. 

The author's thanks are due to Mr. J. A. Guy for invaluable assistance 
in experimental work. 

Davy^Faraday Laboratory 
of the Royal InsHtation, 


THE ZONE OF ACTIVATION IN RATE 
PROCESSES. 

By R. M. Bajirbr. 

Received aznd June, i943* 

A recent m>tb ^ has discussed rate processes, and compared some aspects 
of statistical-ldnetic and transition state methods of formulation. It was 
claimed that wrong use was made of squared term" statistics in dealing 
with flow and diffusion and that the latter were imsuited to this problem. 
Since the only major treatments of this kind are those of the present 
author,** *> * it was felt that the impression given in this note should be 

^ Eley, Trans, Faraday Soc., 1943, 39, i6d. 

> Baner, ibid,, xg^st, 38, 322. 

■ Barter, ibid,, 1943* 39» 4^. ^ Barrer, ibid,, 39, 59. 

n * 
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corrected. No wrong use of the' ‘ squared term * * statistics has been made in 
the way suggested, and it is a purpose of this note to sliow how they have 
been used and how their proper use allows a very satislactory formulation 
of rate processes. The criticism ^ is based upon the fact that it is inaccurate 
to replace a sequence of terms in equation (i) by the largest term in the 
sequence so long as E, the iotal energy in / degrees of freedom c^ifRT ; and 
also upon the impression that in rate processes E is actually of this order. 
In reality, however, E > fRT, as is emphasised in this paper (eqns. (4) 
and (5)), and so long as this is true a sequence of terms may without serious 
error be replaced by its maximum term. It is also shown in this paper 
(paxa. 3) that the Arrhenius or apparent energy of activation would be 
zero when E = JRT, so that the criticism refers to a region seldom if ever 
met with in actual experiments. 

The Procedure-—^Experiment indicates that flow and diffusion in con¬ 
densed phases require an energy of activation. The underl3nng idea of 
the zone theory is that a unit transport process may occur at a given 
point in the liquid when thermal energy fluctuations result in a local 
accumulation of adequate energy at that point; and when certain other 
conditions (postulate (3) below) are simultaneously fulfilled. A suitable 
statistics for ener^ fluctuations is provided in equation (i) which gives the 
chance (P) of flnmng a total energy > E distributed among any number n 
of degrees of freedom constituting an arbitrary region : 


P 


/-I 


E\f 

rt) 


(7=^J 


e 


• ( 1 ) 


In this expression the degrees of [freedom involved for flow and diffusion 
are normally rotations oscillations) and inter-molecular vibrations 

(p, 49).* For a given 
EjRT, the terms in the 
distribution function (i) 
rise to a maximum as f 
increases to /max then 
decrease (Fig. i). The 
locus of the maximum is 
EIRT^f. There is a 
simple physical mean¬ 
ing of this, for at the 
maximum E fRT^ V 
where 0 is the average 
energy in any / de¬ 
grees of freedom; and as 
would be expected the 
most likdly energy dis¬ 
tribution is the average 
energy distribution. But 
equation (i) and Fig. i 
both show that on eitibier 
side of the maximum 
th«:e is a finite pro¬ 
bability of finding the 
energy distributed 
among less or more de¬ 
grees of freedom than 
corresponds to /max- 
Such distributions are 
respectively “hot" or 
“cold," having more or less' energy in them than corresponds to the 
average. 
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Now the most probable energy distribution (E = t 7 = fRT) does 
not de&ie, as Eley considers,^ the important distribution for reaction, 
flow or dillusion, ior this would mean that these processes occurred with 
no apparent or Arrhenius energy of activation^ £a. at aU, since then* 
=3 J? — O' sss o, which is contrary to experiment. Certainly then the 
region in equation (x) need contain no more than n =/iau degrees of 
Ereedom to include all distributions likely to contribute to a succ^sful 
unit process, for we may exclude all cold ** distributions. __ 

We thus coniine ourselves to “ hot " distributions (E > 17 > fRT ; 
and Ej^> o). The important “ hot” distributions♦ were then defined 
qualitatively by the ioUowing two postulates of the theory (p. 326) * : 

(1) The energy of activation for flow or diffusion should be as concen¬ 
trated as possible, so that E = is as concentrated as possible. 

(2) There must be an a priori probability, defined by (E/ET)^-! 

of finding the important distribution, which is as large as possible bearing 
in mind postulate (i). Now equation (i) and Fig. z have already shown 


that the greatest a priori probability arises when E = 17 , and so the pos¬ 
tulates (i) and {2) together result in the actually important zones of 
activation being intermediate in size bestween / = i and / =5 /max* 

To these two postulates another was added which is: 

{3) There is normally need for co-operation or synchronisation be¬ 
tween certain rotations and inter-molecular vibrations within the zone 
of activation before a successful unit process occurs. This introduces 

a factor p,, where p, < i, multiplying each of the terms (E/ET)^-! (^11 !) " ( 

there being a different pf fox each term. 

It is possible as pointed out by the author {e,g, p. 63}* that a spectrum 

of terms pf[EIRT)^-^ e xuay contribute to the probability of 

a successful xmit process of transport, and the general formulae were de- 
vdoped assuming this. However, the important terms are likely to be 
limited in numl^, and in numerical applications I have r^laced the 

summation Ep/(E/ET)^"^ ^ by its maximum term. This ap¬ 

proximation adequately describes data where / is not very large. Viscous 
flow in glasses where EJRT is > zoo may require more terms than one.* 
Equations of Optimum Zone Size In Viscous Flow*—^It is possible to 
determine the most important size of ” hot ” zone defined by postulates 
(1) and (2) above. From the general viscosity functions obtained for 
fluids,*» * it can be shown 

(i) that for apolar, polar, hydrogen and hydroxyl-bonded fluids, simple 
ionic melts and uquid metals 


/ » 1*45 EJRT for o < EJRT < 50 , . . (2) 


(ii) that for glasses and polymerised ionic melts 

f ^ 0*44 EJRT for o < EJRT < 100, . 

Remembering that E^ *= JS — fRT, one has from equations (2) and 
respectively 

/ « 0*39 E/ET .... 

/ « 0-33 E/ET .... 


( 3 ) 

(3) 


* C/, C. N. Hintiielwood, Kinetics of Chemical Change, O.U.P., 1940, p. 53, 
for a proof that Ei E — t?. 

e Ths actual optimum hot ” zone sizes are given, as functlona of E and T 
by equations (4) and (5). 
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as equations giving tlie most important " hot " zone size as a function of 
the total energy in the activated state. The loci of these equations in 
Fig. I lie well to the left of the locus of /ma** 

A Further Experimental Test.—^When a single term in the summation 


Spf(ElRT)f-^ Z^ yi one has for diffusion ^ 




and for viscous flow 


_ 


(/+ m 


( 6 ) 


(7) 


where is the apparent energy of activation, f Thus Ej^ has usually a 
negative temperature coefficient and never a positive one, according to 
the zone theory. On the other hand, tiie transition state formulation 
gives 

= i? 4- AC,* (ACv* =s the change in specific heat in passing 

to the transition state) . . . • (B) 


which is essentially positive whenever A 5 *« the entropy of activation, is 
positive.^ Now a positive entropy is found if the zone of activation is 
considerable,* and so as a rule a positive 'bE^fbT is predicted. Abundant 
data are available to test this point, and for computing/by Eley's method 
(tf.g., Bazrer, Table I and Fig. 2 ; • Table IV and Fig. 2).* In all cases 
"bEj^ftT is negative, and in just thc^e systems where a big zone of activation 
had been previoiLsly indicated, 'bE^fbT reaches its large^ negative value. 
On the other hand, the transition state method requires in this case that 
'bE^fhT reach its Ingest positive vsdue. Such data emphatically favour 
the zone theory. A furmer point is that / determined from "bE^fbT is 
usually similar to f determine from the generalised viscosity equations 
(3} of ref. 3 and (2) of ref. 4, by the method of p. 64.* 

'a Survey of Observed and Predicted Propeirties of Flow and 
Bifftislon.—The correspondence between actual observations and pre¬ 
dictions based upon the concept of a zone of activation in rate processes 
is sommadsed in the following table :— 


Predicted Relation^ 


Observed Retehon, 


Fanctional relations should exist 
between —Logiyo and E^jRT or be¬ 
tween Log Bq and E^IRT.^ 

The relation should be Imear in the 
simplest case. 

Data obtained at diflerent temper- 
atuies should mve functional rela¬ 
tions between —log no or Log Do and 
E^ the slope of wnren increases with 
decreasing temperature. 

should decrease with temperature 
at a rate proportional in the simplest 
case to the size of the activated zone. 

Mqst fluids should conform in dif- 
fosion or viscous flow to geneanlised 
diflusion or viscosity equations. 


Functional relations, ufmaHy linear, 
exist between —X^g or Log Do and 
EJRT. 


The slopes of curves of —Log i}o 
vs. Ej^ increased as the temperature 
decreased. 


Ei, in all cases examined decreased 
as the temperature increased, at a rate 
nsually la^r the iBjmc was or Dp. 

Apolar and polar Squids, hydroxyl 
and hydrogen bonded liquids, simple 
ionic melts, and liquid m^Ta aU con¬ 
formed to a single viscosity function; 
and polymerised ionic melts to another 
characteristic fanction. 


t This method must be used with diacretian. It is not applicable for instance 
to liquid sedphnr in. that xegloii, where profound changes ate occurring, such as 
the tramsition from rh^ (St) to chains In this region one is really dealing 
with a solution of 5 « in the proportions of which alter rapidly wflh temperature. 

119 « and axe ddSned bv the Arrhenius equations 17 »e ^IRr and 
D «« Do e - where 19 and D denote vlacoedty constants and diflfwoon constants 
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It should be noted that when diffusion or flow occurs by special mechan¬ 
isms, such as zeolitic, Schottky, or Frenkel mechanisms in crystals,* the 
zone theory will require modifleation. It has been dev^op^ for flow 
process^ by place chwge only, but the degree of succeas achieved indicates 
that this mechanism predominates in simple liquids or polymers. 

Summary. 

The ph3r8ical and statistical basis of the zone theory of diffusion and 
viscosity is outlined, and a criticism is shown to be unfounded. Further 
experimental bdiaviour is described which is predicted by the zone theory, 
but which is contrary to the transition state theory. 

The Chemical Laboratories, 

The Technical College, 

Bradford. 

* Barrer, Trans. Faraday Soc., 1941, 37, 590. 


THE ELASTICITY OF A NETWORK OF LONG- 
CHAIN MOLECULES—IL 

By L. R. G. Treloar. 

Received $ih July, 1943. 

On the basis of the kinetic theory of elasticity, Wadi ^ has developed 
a statistical method for treating the problem of the elastidW of a thi^ 
dimensional network of long-chain molecules, and has applied it to the 
derivation of the stress-strain rdations for the simiflest types of deformation 
of rubber-like materials, namdy, riongation, unidirectional compression 
and shear. The signiflcance of Wall's theoretical apporoach has b^ dis¬ 
cussed in some det^ in an earlier paper,* in which reasons were given for 
preferring Wall's method to the earlier attempts to solve this problem. 

In the present paper the method of Wall is extended to tim most 
general ty^ of hopiogeneous deformation of rubber-like materials, of 
which thc^e already considered by Wall are specud cases. An ei^estion 
is derived for the work of deformation, or stfowhenergy in the general 
case, and from this certain relations be¬ 
tween the principal stresses and strains 
are obtained. 

Derivation of Strain-ener^ 

FuncUon. 

In a homogeneous deformation the 
state of strain at all points of the de¬ 
formed body is the same. Itts defined as 
a displac^cnmt snch that the co-ordinates 
of a point after the deformation are ex¬ 
pressible as linear functions of the co- 
ordi^tM of the point diylac^ i._H(«no5«neom defame, 

ment. By homogeneous strain a inhere is tioa of unit cuheT^ 

tr^sfozmed into an dlipsoid—the strain 

ellipsoidr—oi which the three principal axes are derived from three mutusdly 
peacpendioite diameters of ^ sphere. In general, the directiems of tbie 

^ Wan, J. Chem. Physics, 194a, 10,485. 

* Ttoloar, Trans. Faraday Soc., 1943, 39 * 3 < 5 . 
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principal axes differ from those of the diameters of the sphere from which 
they were derived; in the special case where they are the same the strain 
is said to be pure. Any homogeneous strain may be resolved into a pure 
strain plus a rotation.* When a suitably placed cube is subjected to 
homogeneous strain it becomes a rectangular block (Fig. i) having sides 
of leagth Aj, A^, A#, equal to the semi-axes of the strain ellipsoid, where 
Ai— I, Aa— I and A*— i are the principal extensions. The forces A, /, 
are nom^ to the surfaces of the block. 

In appljring the molecular theory to the derivation of the strain-energy 
function, the following assumptions are made. (C/. Wall.^) 

1. The N molecules of the network all have the same chain length. 

2. The distribution of lengths {%.e. end-to-end distances) of the mole¬ 

cules in the undeformed state is that given by Ku^'s statistical 
formula. 

3. On deformation, the components of length of the individual mole¬ 

cules are changed in the same ratio as the corresponding dimen¬ 
sions of the bulk rubber. 

4. The deformation takes place without change of volume. 

By postulate (3} a molecule whose original components of length were 
X, y and z will have the length-components and Ag^r, after a deforma¬ 

tion corresponding to a pure strain. Hence, il the original distribution 
of lengths is that given by Kuhn's formula, i.e., 

P{^» y, r) dbif. dy . dr = dx.dy.6z . (i) 

the distribution corresponding to the strained state will be 

P'{x, y, z) dx ,dy .dz ^ + dx .dy ,dz. (2) 

Since the distribution is unaffected by a rotation the formula (2) repre¬ 
sents equally wdl any homogeneous strain. If is the number of mole¬ 
cules in the cell Ax ^. Ayi. Az^ before deformation, and s. the number 
in the same ceU after d^ormation, the probabihty P of the distribution 
defined by (2) is rdated to the probabihty Po of the most probable state (i) 
by Wall's formula 

in(p/p.) = 2i®‘^ . • • • (3) 

where = Np{x,,y^,z^) Ax^y^Az^ and s. = Np\x^,y^,z;^Ax^Ay^AZi. 
Substitution of the appropriate*values from (2) and (3} gives 

ln(n./s.)-- i/A,«) -I- y«(i i/A,*) -f- s*(i - i/A,*)] 

and therefiDre 

hi(P/P,)- p^{i - iMUs^x^+ii^ + (I - i/A,»)iJsA*). (4) 

Now » 5 * where x^ is the mean value of for the whole assembly 
of mole^es. By int^|mtion it may be sho-d^ that taking into account 
the relation (7) below, x^ « Ai*/2j8*. Similaxly y» = Aa*/2^* and ? «= A,*/2J5*. 
Hence, from (4) 

HPIP>) - - iWtd - I/V) V + (I - I/A.*) A.* + (I - I/A,*)A ,»)3 

= -4W+V+V-3).(5) 

TiW is the -work of defoimatioii per c.c., i.e,, the strain-eaet^ fonctioii, 
■we may •witte W <=‘kT la{P(P.), and therefore 

W"-.4»rfcr(v+V +a,*-3) . • • (6) 

* For a fuller discussion of ■^pes of strain reference ^ould he made to text¬ 
books <»i dastiefty, A. E. H.Xove, MatHemaHeal Theory ofEhstieity, Camb. 
TTnfv. Press. Chap. i. 
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where N now represents the number of molecules per c.c. This may be 
written in the alternative form 

W" = + A.'+ A,'- 3) . . . { 6 a) 

where p is the density and M the molecular weight. 

It will be seen that equation (6) reduces to the special forms given 
by Wall for elongation and shear (rei, *, ec[ns. (10) and (19)) on insertion 
of the appropriate values of Aj, A., and A,. 

The General Stress-strain Relations: 

To obtain the stress-strain relations from equation (6) it is necessary 
to consider a virtual displacement whereby the quantities Aj, Aj and A3 
are increased by dAj, dAi and dAg. The corresponding increase in strain 
energy is then calculated from (6). But the work done in the displacement 
may also be stated m terms of the forces fi, A and/, (Fig. i) since the work 
done by the force /, is /,dA^, From the two expressions for the virtual 
work thu.s obtained the relation between the forces (or stresses) and the 
principal strains may be found. 

The area of the lace operated on by the force A is AjA,, which is equal 
to i/Aj, by the postulate of constancy of volume 

A1A4A3 I. . . . . • (7) 

The stress Si on this face is therefore XjJi. Similarly, Sj = Aj/, and 
S, = A,/,. Hence the work done by the forces in a small displacement is 

. dW = + fjdA* + |?dA.(8) 

Ai ^ A, 

The relationship between the dA, is obiainod by diEerentiation of (7), i.e,, 

dA, dAf 

A, Aj A| 

which on substitution in (8) leads to the expression 

dir « (Sx - 50 ^ + (S, - S,)^ . . . (9) 

in which Ai and Aj are independent variables which may have any values. 

To obtain a second expression for dW, equation (6) is writt^ in the 
form 

W = i(?(Ai* + A,* + i/Ai>V 3) 

where G =» NkT, Whence, by differentiation, 

dir = G(V - 1/VV)^ + G{V - 1/W)^. 

Combination of (9) and (10) leads to the stress-strain relations 

Si S, = G( V - V) 

G(V - A.»)- ' 

General Application of Stress-strain Relations, 

The application of the formulas derived in the preceding paragraph 
to certain special problems will be considered in the next paragraph. 
In the present sec^on some questions concemiog the general applicability 
of equations (11) will be discussed. Three cases need to be distinguished, 
and will be considered separatdy. 

(a) Given the Principal Strains, to find the Principal Stresses^—In¬ 
sertion of the given values of A« in equations (xx) leads to two sinomltaneous 


(lO) 

(«) 
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linear equations containing tlie three variables 5 i, S% and 5 ,. It is there¬ 
fore not possible to determine the stresses absolutely, but only the differ 
ences between any two. These are obtainable quite simply. This result 
means that if Pj, Pg and Ps are stresses satisfying equations (ii), then 
Si « Pi + p, 5 . == Pg + ^, St — Pi + p will also be a solution, that is 
to say, the strain is not aftccted by the supeiposition of a hydrostatic 
pressure. This is a direct conseciuencc of postulate {4). 

(b) Given the Principal Stresses, to find the Principal Strains.—This 
problem is rather more difQcult than the preceding one. By insertion of 
the given values of S, and writing {Si — Ss)/G = a, (S, — 5 ,)/G = b, 
equations (ii) become 

Ai» ^ Aa* = fl, Aa* - A** = b. 

Eliminating Ai and making use of the relation (7) gives 

Aa* 4 " “ 1 “ ”h — I « o . • • (12} 


a cubic equation in A,* which may be solved by the usual methods. 

(c) Given the Applied Forces, to find the Principal Strains.—^In practice 
it is usually not the stresses but the forces which are given. Since S»= A,/, 
the stresses can only be found when the strains are already known. Equa¬ 
tions (11) must therefore be written in terms of the forces in the directions 
of the pi^dpal stresses, 


Vi-W- V) 

V.-A,*)- 


(iia> 


There is no general solution to these equations in simple analytical terms, 
but a solution to a particulax problem may be obtained by graphical or 
approximate method. In certain cases (as illustrated in the ^ext para¬ 
graph) the equations reduce to a form in which a simple solution may be 
obt^ed alg^radcally. 


Applications of Equations to Particular Problems. 

The following examples are included to show how the general equation 
(6) and the derived relations (ii) and (iia) may be applied to a number 
of problems of practical intoest involving the elastic deformation of 
rubber. 

(a) Elongation or Unidirectional Compression.—^For an elongation (or 
compression) of the simplest type we have ^ = a, A* « A, a-*, and 
A =s A Bx o. Therefore from the first of equations (iia), 

fi - <?(* — i/«*) .... (I3> 

is the required relation between the applied force and the elongation 
ratio ft. This expression was derived originally by Wall,i by direct applica¬ 
tion of the statistical method. 

(b) Two-dimensional Extension*—^For an equal extension in two dimen¬ 
sions (as in an inflated balloon) the state of strain is the same as in the 
unidirectioiial compression. The system of forces differs from that in 
(^i) by the addition of a negative hydrostatic stress system. The stress 
normal to the extended sheet (Sj) is zero, hence, from (11) the stress in 
sheet is 

S, - S, « G{r/« - a*) 

whore a is the ratio of the final to the original thickness. It is convenient 
to consider the force across a section of the sheet z cm. in length (analogous 
to surface teosion). If this is denoted by t, then 

t «= Sta G{i — a*).(14) 

This shows that for moderately large extensions a < 1/3) the tension 
in the sheet is independevU of '&e extension. 
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(c) Shear.—Consider a sheet of rubber stretched in the direction OX 
by forces /j, and let forces /j be applied in the direction OY of such mag¬ 
nitude that the dimension of the sheet in this direction remains unchang^ 
(Fig, 2). In this case if wc put = a, we have == i and Ag = i/cc, 
so that the state of strain is a shear. It is required to find the relation 
between the t^vo principal stresses in the sheet and a, and also the relation 
between shear stress and shear strain. 

Since the stress normal to the sheet is zero, Sg = o, and hence, from 
equations (11) 


Si = G(«* - i/a*) , /i = G(a - r/«») 

5, - <;(! - i/«») = 


(15) 


It will bo observed that the ratio of fi to /* 
is not constant, and that /* tends towards 
a constant value for large values of a. 
For small strains, i.e, a ^ i, d/i/da = 4G, 
whilst d/a/da 2G, and therefore A = 2/,. 
For a simple elongation the initial value 
of d/i/da is 3^. Hence, comparing the 
tension in a simple elongation with the 
tension in the direction of a in what may 
be called a shear elongation,'' it is seen 
that for small deformatioiLs the latter is 
greater than the former in the ratio 4/3, 
whilst for largo deformations 1±e two be¬ 
come equal. 

To obtain the relation between shear 
stress and shear strain use is made of 
the strain-energy function (6). This gives 

W = lCr(a* + i/a — 2) 



f*D 


V, 

Fig. 2.—^Rubber sheet in 

ShOBLT. 

iGo* . . . (16) 


where cl x/a) is the amount of the i^eax. As pointed out by 
Wall ^ tl^ is equivalent to a linear relation between shear stress F,r and 
shear strain of the form Ft, » Gcr, 

(d) Elongatiton Plus Shear in Plane at Right Angles to Elongation^— 
problem of particular mterest concerns the energy required to shear a 
body in the plane (y, x) after it has been given an initial elongation (or 
compression) in the direction OX. For the initial elongation the strained 
dlmensionB of the unit cube are given by A^ =« a, Ag » A* = With 
the superposition of a shear these become Aj t= «, Ag a- ip, Ag =« a “*/A 
the amount of the shear being c »= — i/p. From (7) the total work is 

W » -h * 1 " ^I^P* 3)* 

The work due to the origihal elongation is 

Wc, «= 1G(«» + 2/a - 3)‘ 

The difference is the work due to the shear, 

W^^iG{p»--z + xlP*)J<t^iGa^/a. . . (17) 

This gives the interesting result that Hooke's Law is obeyed in shear In 
any plane at right angles to a simple elongation (or compression) but with 
an effective modulus of rigidity inversely proportional to the original 
leongation. 

Comparison with Mooney’s Theory, 

The equations derived from the molecular theory, and in particular 
equation (6), resemble very closely the formulae derived by Mooney,* 

•Mooney, J. Appl, Physics, 1940, ll» 382. 
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Mooney’s argument is o£ a very general xnatbcmatical character, and takes 
no account of physical structure* His basic assumptions are (i) that the 
material is isotropic, and after an elongation (or compression) it remains 
isotropic in a plane at right angles to the elongation, (2) that the traction 
{i.e. shear stress) in simple shear in any isotropic plane is proportional to 
the shear (Hooke's Law), and (3) that there is no volume ch^ge on de¬ 
formation. Mooney's expression for the strain energy is 



Equation (6), derived from the molecular theory, is a special case of (18), 
and is obtained therefrom by \vritiug G = H — NkT, Again, the result 
represented by equation (17) is a special case of Mooney's second assump¬ 
tion. But whereas Mooney's theory leaves two constants, G and JEf, to be 
determined by the specific properties of the material, the molecular theory 
involves only one independent constant characteristic of the material for 
the description of the general elastic behaviour of a rubber. 

Limitation of Theory. 

It must be emphasised that the moleculai: network theory is limited 
in its practical application to rubber by the inadequacy of certain of its 
fundamental assumptions. The "most serious discrepancy is likely to 
arise in connection with the assumption of Kuhn's distribution formula 
(i), which applies only so long as no important fraction of the molecules 
have lengths approaching the length of the fully extended chain. This 
will mean that -^le formula (6) will cease to be applicable when any one 
of the Xt is large (e.g., greater than about 5 in the case of a normal vulcan¬ 
ised natural rubber). To obtain the stress-strain relations for larger 
deformations it would be necessary to make use of a more accurate ex¬ 
pression than (i) for the distribution, of molecular lengths. A beginning 
has been made by the derivation of a distribution function for paraffin 
molecules which is reasonably accurate over the whole range of molecular 
lengths.^ 


Summary. 

Wall's treatment of the elasticity of a molecular network is extended 
to cover the general homogeneous type of deformation of rubber. An 
equation is derived for the work of deformation in terms of the three 
principal strains, from which certain general stress-strain relations are 
deduced. These relations involve only one physical constant of the 
material. The use of the formulm is illustrated by their application to a 
number of fdmple cases. It is shown that the effective rigidity in respect 
of a shear in a plane at right angles to a previous elongation is inversely 
proportional to the elongation. 

This work forms part of the programme of fundamental research on 
rubber undertaken by the Board of the British Rubber Producers' Research 
Association. 

The British Rubber Producers* Research A$$n.t 
Welwyn Garden City, Hefts» 

* Treloar, Proo, Physic, Soc„ in press. 
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One of the most striking features of the behaviour of solutions of 
soaps and similar paraffin-chain electrolytes is that at relativdy high 
concentrations the equivalent conductivity in many cases increases with 
increase in the concentration. While it is genei^y agreed that the 
anomaly is connected with the presence of ionic micelles, t.e. colloidal 
units formed by aggregation of the fatty ions, opinions differ concerning 
the precise origin of the effect. In a theory advanced by Hartl^,i the 
micelles are regarded as highly polyvalent ions, and the increase in con¬ 
ductivity is ascribed to the smoothing out of the variations, due to strong 
interionic action, in the distribution of the oppositely charged ions. As 
Hartley points out, the theory should apply to ordinary electrolytes of 
extremely unsymmetrical valence-t^^o, but it should also apply to 
inorganic colloids in which the particles are charged by the ad^rption 
of ions. The object of the present investigation was to ascertain if 
colloidal systems of this kind do actually show an anomalous increase in 
conductivity. 

The measurements were made on sulphur sols prepared by the method 
of Od6n, t.e. colloidal sulphur produced by the interaction of Na^SjOa 
and HtS04 was alternately cos^lated by NaCl and redisper^ in water 
until acid was completely eliminated. In such sols the colloidal units or 
micellos are sulphur p^cles carrying adsorbed polythionate ions pro¬ 
duced by chemical a^on accompanying the formation of the colloidal 
sulphur. The only other chemical sp^es present are sodium and chloride 
ions. At first all the polythionate ions are adsorbed or bound (probably 
as hexathionate) by the sulphur, but eventually a certain proportion 
become free (as pentathionate) and pass, along wiih an equiv^ent amount 
of sodium ions, into the intermiceUar liquid, where the sodium cMoride 
is situated. On dilution of the sol, further libmtion of bound polythionate 
tends to occur, but it is found that the amount of change taking place 
during the period of measurement is negligible, provided the dilution is 
kept within certain limits. These sulphur sols are psuticularly suitable 
for tho purpose in view. They can bo obtained in nigh concentrations, 
and then constitution quantitatively determined by (ffiemical analysis.* 
In contrast with solutions of colloidal electrolytes, there is no question of 
the existence of two distinct types of micelle, or of appreciable variation, 
on dilution, in the relative proportions of the colloid and cr3^stalloidal 
constituents. 

Experimental. 

The Bfifect of Dilution on the Conducttvlty of Sulphur Sols.^—The 
measurements were made on two sols (I and II] prepa^ and analysed 
by methods previously described.* A high concentration of bound ;^y- 
thionate and a r^tively low concentration of NaQ were secured 
coagulating the sulphur at about 5® C. with 0-2 n, salt, and repeptiaing 
the coagulum in a suitable volume of water. In order that the distribu¬ 
tion ol polytl^nate between micelles and intermicdlar liquid should 

1 Hartley, KoUcid-Z., 1939. 88, aa. 

* Bblaxn and Trivedi, Trains. Raraday Soc., 194a, 38,140. 
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reach a sufadently steady state, the sols were kept for some days at 25° C. 
before use. The sols were quite tratisparent at room temperature. Table I 

gives the composi- 

TABLE T.— CoMPOMTioN ov Sols. tion of each sol, 

__as determined im- 


Sol. 


Sulpbui 

(K./l.). 


212*0 55*04 

212*0 55*04 

Mean 212*0 55*04 

II 296*9 55-04 

299*2 54*64 

Mean 298*1 54*84 


Polythionatc (in.p./l.). 


Bound. Fine. 


260*8 (3**52) 

26i*t 31*75 

261*0 31*75 

385*2 28*63 

389*5 29*22 

387*4 28*93 


mediately after the 
respective conduc¬ 
tivity measure¬ 
ments. With one 
exception (indi¬ 
cated by brackets) 
the polythionate 
was estimated as 
barium sulphate, 
this being con- 
sidered more re 


- liable than esti¬ 


mation as silver 

sulphide. Concentrations are expressed as grams or milli-equivalents of 
material in one litre of soL 


Conductivities were measured at 25 ± 0*03° C. by a method described 
elsewhere.® Two cells were employed, one (I) having fixed vertical 
dectrodes (constant = 0*1829), the other (11), removable horizontal 
electrodes (constant = 0*5669). Water of specific conductivity i*i xio-® 
was used -throughout. Taking the relative concentration of the original 
sol as unity, relative concentrations of 0*5, 0*25 and 0*1 were obtained by 
dilution, as follows: 50 ml, sol + 50 ml. water; 25 ml. sol + 75 ml. 
water; 10 ml, sol + 90 ml, water. The dilutions were performed to¬ 
gether immediately b^ore the conductivity measurements, and the 
resulting sols were kept at about 5® C. until required, in order to minimise 
the formation of free polythionate. In the case of sol I the liquid was at 
room temperature when placed in the cell, but in -fche case of sol II the 
liquid -was kept at 25® C. for about half an hour before being placed in 
-the ^1. The experimental data are shown in Table II, where c is the 
relative concentration, i is the time interval (minutes) between placing -^e 
cell in the thermos-bat (immediately after filling) and measuring -the con¬ 
ductivity, and E is the observed resistance (ohms). 

It should be mentioned that -the electrodes adsorbed sulphur in some 
form or other, since on replacing colloidal sulphur in -the cell by water 
(after thorough washing of cell and electrodes -wi-th water), the conductivity 
of the latter was found to iucreaso considerably, and addition of BaQ, 
showed that sulphate was being produced to a corresponding extent 
(AgNO| gave no precipitate, indicating the absence of polythionate). 
The only data which are at sdl likely to be in error as the result of tiiis 
action of the electrodes are those for c = o*i, where -the observed resistance 
decreased appredaWy -with time. However, liberation of a very small 
q-uantity of polythionate from -the micelles would have the same effect 
(see below), and experieuce has showm -that the rate of liberation increases 
with increase in "the extent of dilution. 


The I^uence of Ageing on the Gonductivlty of Sulphur Sols^—The 
conductivities of two sols (HI and IV) were measured (a) shortly after 
preparation, and (6) after standing for some weeks at room temperature. 
The results (obtained with cell I) are gi-ven in Table III, where jcgoi is the 
specific conductivi-ty (mho) of the sol, 

^T*be Influence of Colloidal Sulphur on the Distribution of Electro- 
lyt^ in Membrane Bqoillbxla*—In these experiments a collodion bag 
containing 50 to 60 toL of sulphur sol -was suspended in water mem- 


• Bolaxn and Hope, /.C.S., 1941, 843, 
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brane equilibrium was established (for experimeatal details, see ref, 2), 
The inside (i) and outside (2) liquids were then analysed for sulphur, etc. 
Most of the experiments were performed at room temperature (iG®-i8® C.), 

TABIJR II.—^Variation of Conductivity with Dilution. 


Sol, I. 

Sol. 11 . 

e . 

i . 


Rc . 

c. 

A 

jR. 

Rc . 

J-o 

1 

' 30 

14-26 


r-o 

11 

11-87 



— 

14*24 



16 

11-89 



— 

14-24 



23 

11-88 



1^25 




31 

II 88 




Mean 3 4'25 

14-25 


Aleaw I £-88 

11-88 

0-5 

30 
4-2 
49 
52 
61 1 

29-60 

29-60 

29-60 

29-60 

29-60 


(CeU II) 

5 

15 

24 

36-60 
36-60 
36-60 
36-60 
Mean 36-60 




Afean 29-60 

14-80 

0*5 

13 

25-20 




60-9 



18 

25 15 


0*25 

22 



27 

25*15 



24 

Oi-i 



30 

25-15 



— 

60-9 




Alean 25-16 

iz-58 


37 

60-8 

Mean 60-9 

15-22 

0-25 

iS 

53-6 




23 

53’4 


O'l 

22 

152-0 

15-20 


30 

53*4 1 



Ts 

151-9 

150-8 




Mean 53-5 

13-38 


44 

149-6 


O-I 

13 

136*8 

13-68 






25 

135-8 







35 

135*0 






(CeU 11 ) 

43 

134-6 


• 




21 

425 

•13*71 






28 

424 







46 

422 







56 

421 



♦ 0*1829 R(/o*5669. 


TABLE III.*--CoNi>ucrnvrtY Bbforb and Aftbr Agbing. 


SoL 

Snlplmr 

ChlorldB 

(m.o./I.). 

Pblyttuonate (iiLe./l.). 


X X0». 

Boimd. 

Free. 

Total. 

III (a) 

53-2 

6-78 

58-09 

2-31 

60-40 

136-3 

1-342 

( 5 ) 

46-9 

6*98 

51*12 

9-30 

60-42 

86-8 

2'107 

IV a) 

lOI-I 

i 8-34 

133-6 

{4-a)* 

137-8 

48-7 

3-756 

% 

93'1 

18-55 

118-0 

19-36 

137*4 

33-3 

5*493 


* Estiznated as silver sulphide. 


but in a few instances the appaxatus was kept in ice, or in an air^-thermostat 
znaintaLoed at 25*’ C, Any ^uence due to variation in temperature was 
found to be n^ligible und^ the given conditions. Representative data 
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are given in Table IV, where [S] is the concentration (g./l.) of sulphur, 
and [Cl], [Ph], and [PJ are the concentrations (m.e./I.) of chloride, bound 

TABLE IV. —^Distribution of Elkctrolytks in Mbmbrane Equilibria. 


Expt. 

[SJi. 

fSlr 

IClJr 

CClla* 

IPb'lv 

CPbli* 

[Pdi* 

Mt. 

1 

102*5 

12*04 

*4-59 

29-3* 

8 i -53 


9'04 

13-03 

2 

77*06 

18*87 

20-33 

29-95 

82*56 


10*45 

12-85 

3 

35-33 

3-76 

35-00 

37-84 

38*26 

WBSm 

3'00 

3-30 

4 

26*28 

12-17 

8-29 

8-99 

30*99 


4*i6 

i 

4-76 


and free polythionate respectivdy. Bound polythionate was estimated 
as silver sulphide, and free polythionate as banum sulphate. 

Discussion. 

The data in Table II reveal that when a sulphur sol is diluted, the 
value of the product Rc increases ; that is to say the specific conductivity 
decreases more rapidly than would be the case if it varied in direct pro¬ 
portion to the concentration. It is to be expected that a simple mixture 
of sodium polythionate and sodium chloride would behave in the reverse 
fashion, as happens, for example, with a mixture of sodium sulphate and 
sodium chloride.^ Thus it appears that sulphur sols show a distinctive 
b^aviouj, due to the circumstance that a proportion of the polythionate 
ions are adsorbed by the colloidal particles of sulphur ; for it is diffiicult 
to see how the mere presence of the particles, as such, could have any 
appreciable effect, one way or the other, on the conductivity. 

It will be seen from Table III that as the sol ages the specific con¬ 
ductivity increases to an extent directly proportional to the increase in 
free pol3rthionate; actually o-ioq and o*io8 x io“® mho per nuUi- 
equiv^ent for sol III and sol IV respectively. This shows that the 
increase in conductivity on ageing is due to the liberation of xK)lyfchionate 
from the micelles, and that the equivalent conductivity of the nree poly- 
Ihionate (AKaP#) is roughly T09. Direct measurements of tho equivalent 
conductivity ot sodium pentathionatc in pure aqueous solutions (Anap) 
are lacking, but approximate values may be derived from tho data ox 
Hertiein ® for potaHsium pentathionato by means of tho expression 

AsaV « -dKp — — -^iratSOi). 

£mpl03rjng tho data lor sodium and potassium sulphates given in the 
Intcmation^d Critical Tables,® it is found that /IjraP varies from about 
96 to about Txo over the range of concentrations covered by the free 
poly^onate in sols HI and IV. Since dsraPf is substantially the same 
SA AksP* it follows that the mic^es do not exeart any appreciable repressive 
influence on the conductivities of tho electrolytes located in the inter- 
micdlar liquid. 

In Table V are recorded values for the equivalent conductivity of 
the bound polythionate as calculated by the formula 

4i!r»Pb{“-«- P« !•) - *8oi — '«»a ^ ^■sat (ni.e. of NaP, per L), 

where the conductivities of sodium chloride and free pol3rtbionate are 
assumed to be the same as in pure aqueous solutions of the salts at the 
same cOzioentrationa as in the sol. The values of "weffe derived 

i Smith and Gortnesr, J, Physical Cham,, 1933, 27 f 78 - 
* Hertiein, Z, physihal, Chm„ X896, 19, 269, 
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as described above, and those of ici^aci obtained partly by direct 
measurement and partly, by interpolation, from the appropriate data in 
the International Critici Tables.* The calculation appears to be justified 
by the fact that the behaviour of sodium chloride and sodium sulphate in 
mixed solutions is additive over the range of concentrations under con¬ 
sideration.* As Table V shows, iliraPb ^ always very much less than 


TABLE V. —^Equivalent CoNDUcTiviTms of Bound and Free Polythionate. 


Sol. 

c. 

Conen. NaPb 
(m.o./l.). 


#CKa 01 -*o 3 - 

^WaPf. 

-dNoPb. 

I 

1*0 

261'O 

12 84 

6-077 

91-9 

14*7 


0-5 

130-5 

6t79 

3-145 

97-8 

II -4 


0-25 

65-3 

3-003 

i-6i0 

102*9 

8-7 


o-r 

26-J 

I- 203 *' 

0-6631 

1087 

7*5 

11 

1*0 

387-4 

iS- 39 t 

6-054 

92-8 

17-2 


05 

193-7 

7-871 

3*134 

98-4 

14-0 


0-25 

Ob *9 

3-418 

1*611 

103-8 

10-9 

m(aj 

0-1 

38-74 

i- 338 *f 

0*6607 

109-0 

9-4 

— 

58-1 

1-348 

0-8137 

IXO -2 

4*7 


— 

5 I-I 

2-107 

0-8377 

101*9 

6-3 


— 


3*756 

8-131 

107*0 

8-8 

(6) 


T18-0 

5*493 

3-156 

96*2 

12-5 


* Initial reading. f Cell I. 


Ajjfsjff. The difierences are too large to be due solely to decrease in the 
conductivity of the polythionate ions as the result of adsorption ou the 
sulphur parndes, and it must be concluded that the conductivity of the 
compensating sodium ions is naarkedly reduced by the electrostetic at¬ 
traction of the charged particles. 

The results obtained from membrane equilibria are cx>n8istent with 
this conclusion, as the following considerations show. It is seen from 
Table IV that the amount of chlmide (or free polythionate) in unit volume 
of sol is always less in the more concentrated sol (i) than in the other (2). 
Part, at least, of the inequality in distribution is due to the difference in 
tile proportion of the volume of the sol occupied by the sulphur particles 
and thmr associated non-solvent water. For example, if [Q]' is the true 
concentration of chloride (m.e./l. with reject to solvent water), then 
[Cl]' 1000 [G]/(iooo — [S]/D), where D is the apparent density of 
the hydmted sulphur. The values of [Cl]', etc., obtained by taking 
D « X'O (see Table I of ref. 2) are given in Table VI. In all cases [Cl]'* 
is greater than [Cl]'* by an amount far in excess of the probable experi¬ 
mental error. This indicates that the equilibrium is of the Donnan i^e, 
due to the inequality in the distribution of tioe bound polythionate. The 
distributioii of the tree polythionate (bivalent anion) is also in harmony 
with this view. As Table VI shows, the ratio [Pf]'*/[Pi]'i is definitdy 
closer to ([Cl]'*)V([a]'i)* to [Cl]',/[Cl]'*. 

Assuming that activities of tiie chloride and sodium ions axe 
identical with their (relatively low) concentrations, we have 

, [ay* [Nan m'l + m'l + 

W; [a]',+ CFt]'. + [Na„0V 

where [Nam]' is the apparent concentration (activity) of the compensating 
sodium ions. Since the actual concentration of compensating ions (with 

• J.C.T., IV, pp. 233, *36, 237. 









js'-i the electrical conductivity of colloids 

respect to solvent water) is [PbT#^ we have [Nam]' ■= ^[Pb]'. Hence, 
assuming that x has the same \’alue in (i) and (2), we have 

rdcir. + rPti',) - ([Cii'i + [Pf]'i) 

LPbl'i - ‘ 


TABLE VI.—Activity of Compensating Ions. 


Eskpt. 

[Clj'x. 

[Cl]',. 

tPfl'i. 

[Pfl'r 

[ni% 


[Pf]'. 

[Pbl'i. 

[Pb]'.. 

[CllV 

([Cl]'.)*' 

fP£]'x‘ 

I 

2740 

29*68 


13-18 

I *08 

1-17 

1-23 

90-86 

14*53 

2 

28-56 

30-53 

11-33 

13-10 

1*07 

1-15 

I*l6 

89-54 

2I-o6 

3 

36-90 

37’98 


3-31 

1*03 

i-o 6 ' 

l-o 6 

39-67 

7-46 

4 

8-52 

9-10 


4-82 

1-07 

I-I5 

I-I3 

31-84 

15-04 


The low values of x obtained (Table VI) are similar to those derived, in 
essentially the same way, for other inorg^c colloids, e.g., chromic oxide ’ 
and stannic oxide.* Since x is comparable with the ratio of il^aPb to 
for sodium pentaiduonate (oa. 120), the membrane equilibria data provide 
further support for the view that there is strong interionic action between 
the adsorb^ polythionate ions and their compensating sodium ions. It 
seems probable that ionic association (ion-pair formation) occurs to a 
marked degree. McBain and Thomas * have found that 89*5 per cent, 
of the compensating chloride ions in ferric oxide sols travel to the cathode, 
and hence must be carried along by the positive colloidal particles. 

On plotting ilNaPh against the concentration of bound polythionate, 
separate curves are cmtaiued for sols I and II. If, however, the values 

of for sol I are 

|- uniformly increased 

by o«8, the points 
(with one exception) 
lie on common curve 
(see figure). It is 
evident that the two 
sols behave essenti¬ 
ally in the same way 
and that .dNaPb hi'’ 
creases with increase 
in the concentration 
of the sol. This re^ 
suit, considered along 
with the fact that the 



adsorption of poly- 

thionate ions by the sulphur particles, a process equivalent in some degree 
to aggregation of these ions, is accompanied by a marked decrease in the 
conductivity of the sodium polythionate concerned, appears to ]^ovide 

r litative support for Hartley's theory. Further data are required to 
de if the weory does actu^y account for the anomalous behaviour 
of sulphur sols, ux particular it is necessary to ascertain how the con¬ 
ductivity varies when the concentration of bound polythionate is changed, 
while the concentrations of chloride and free polythionate are 
constant. 


^BJaxTun^ J?. pltysikol, Chm., 1924, no, 656. Hinde. PhU. Mag, (7), 1926, 
I, 32. 

• Ghosh, 1929, asQo. 

* McBain and Thomas, /. Physical Cham,, 1936, 40, 997. 
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Summaiy* 

1. The dectrical conductivity of Od6n sulphur sols is anomalous in 
that on dilution the specidc conductivity decreases more rapidly than does 
the concentration of the sol. 

2. Conductivity measurements and membrane equilibrium data in¬ 
dicate that while the free pol3rthionate in sulphur sols shows normal 
behaviour, strong intenonic action occurs between the bound pol3rthionate 
ions and Iheir compensating oppositely-oharged ions. 

3. The equivalent conductivity of the bound polythionate appears 
to increase with increase in the sol concentration, in qualitative agree¬ 
ment with Hartley's theory of the conductivity of solutions containing 
electrolytes of extremdy unsymmetrical valence-type. 

We thank the Moray Fund Committee for a grant for the purchase of 
apparatus. 

King’s Buildings, 

University of Edinburgh. 


RATES AND EQUILIBRIA IN THE IONISATION 
OF C—H BONDS. 


By R. P. Bell. 


Received 14//* July, 1943. 


Although the C—H bonds of the paraffin hydrocarbons show no observ¬ 
able tendency to split off a proton in aqueous solution, this tendency 
becomes apparent when the molecule contains active groups such as the 
carbonyl or nitro groups.^ ^ 11 such a compound SH is in solution in 
presence of a basic anion B** {e.g. the hydroxyl ion, or the anion of any 
weak add) the equilibrium 

SH -f B- ^ BH + S- 


will be set up. We can then define an eqtiilibrium constant 

_ [BH][S-] 

^“■[§Hp=3 SZ • • 


(I) 


where and are the add strengths of the spedes SH and BH as 
usually defined. The velodty of the reaction from left to right can be 
represented by a bimolecular velodty constant h. 

By varying the chemical nature of SH and BH the valu^ of both K 
and h can be varied over a wide range. If these variations are confined to 
series of similar compounds, it is reasonable to suppose that for a given 
temperature and solvent the velodty constant k will be a unique function 
of the values of and For any small change in the nature of SH 
and BH we can therefore write 


81 ogA« jSdlogjRTHK--aSlogJ^Bu • • • (2) 

where « and are positive quantities whidi may themselves be functions 
of Kgg^ and but which can be taken as constants for not too large 
ranges of vdodty or add strength. Relationships like equation (2) have 
been interpreted in terms of a molecular picture of pzx^n-trai^er re¬ 
actions.** *. In terms of this picture equation (2) implies that the re- 


^ Wilson, Trans. Faradt^ Soc., 1938, 34t 175. 

* Bonhooffor, Geib and Relt*:, T. Chem. Physics, 1939,7,664. 
» Horiuti and Pblanyi, Acta Phys. UJt.S.S., 1935, a, 505. 
*BeU, Proc. Roy. Soc. A, 1936, 154, 414. 

* Bell and Iid\^ ibid., x^, 176, X14. 
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pulsive forces between the reactants are the same for all members of the 
series, and that the shapes and positions of the potential energy curves 
involved are determined completely by the values of ZvgH and If 

we make the further assumption that a change within the series has no 
effect on the shapes of the curves, but only shifts their position relative 
to one another along the energy axis, then the potential energy diagram 
predicts that a = j? < t, so that equation (2) becomes 

hlogk a(8log Kfoj — 8 log Kjtji) t= a8log K; . . (3) 

k is now a function only of A" (rather than of and A3H separately), 
and it may be anticipated that a will be efiectively constant over a range 
of at least a few powers of ten of k or A. 

The Ionisation of Ketones. 

Ionisation velocities low enough to be measured are normally found 
only in pseudo-acids, i.e. compounds where the structure of the anion S“ 
diSers from that of SH. For example, compounds containing the groups 


CH.CO- 


^CH . NO, give respectively the ions : C—O and 



In a few cases the reaction velocity of SH with a base B“ 


can be directly measured, as in the slow neutralisation of the nitro-paraffin^ 
by hydroxyl ions. More frequently, however, indirect methods have to b® 
u^, and rates of halogenation, deuterium es^ange or racemisation hav® 

been used to measure the rate of ionisation of the group ^CH . CO" (cf, 

Wilson 1). In these cases the base B" is not used up, and plays the part 
of a catalyst. The catalytic constants as usually defin^ are then equivalent 
to the bimolecular velocity constants for the reaction between ketone and 
base. 

For a given ketone equation (2) or (3) is equivalent to the well-known 
Brdnsted relation between catal^^c power and basic strength. By using 
as catal3^ the anions of carboxylic acids this relation has been shown to 
hold for the halogenation of a number of ketones and related substances,* 
the value of the exponent a varying from one ketone to another. On the 
other hand, the add strengths of the ketonos used are not suffidently 
accessible to detect any relationship between k and Agn* though it seems 
likely that such a relationship exists, since the experimental values of 
a («3 — d log kid log Abu) decreased steadily with increasing rate of ionisa¬ 
tion. In the present paper we shall show that it is possible on the basis of 
reasonable assumptions to deduce approximate v^ues of Agn irom the 
kinetic results, and to compare thorn with other experimental data. 

The experimental results are summarised in Table I. R is the vclodty 
constant for the reaction between the ketone and a hypothetical anion 
having «» lo"*, corrected for statistical difierences between the 
dlSereni ketones; Aqh is the corresponding constant for reaction with 
hydroxyl ions; a is the value of the exponent derived from measurements 
with anions having A^h = The data for substances (i), (4), 

(5)1 (Q* (7)» (9)» (10) and {12) are taken from the work of Bell and Lidwi^ • 
on the rates of halogenation, where the methods of calculating R, Aoh 
and ee are described.* The data for malonic ester (8) axe from simito 
xneasuxements in this laboratory by Dr. D. H. Everett, while those for 


«BeE and Lidwdl, ibid., 88. 

* The value of Eqh ^ moiiocbloracetone in the original referonce is in error 
by a power of 10; it has been corrected here. 
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Krtone. 

ioBuR - 

teg,. Son - 

a. 

—logia Xan* 

Ooa* 

(I) <n,cocH, 

—0*30 


0-88 

20-0 

0*54 


2) CH^CHO . 

(- (V05) 


— 

19-7 

— 


3 CH,COCjH. . 
t ) CH,COCfl»CIl,COCHj 

— 5 *fx) 

— 

— 

10-2 

— 



1-40 

0-89 

18*7 

o-5b 


si CHaCOCH,a . 

- 3 -' 2 I 

3-45 

0*82 

i6-5 

0-29 


6) CH,COCH,Br . 

- 2 'q 5 

378 

0*82 


o-2g 


7) CH,COCHCl, . 

— 2-00 

473 

0-82 

14-9 

0*29 


,8 CHg(COOC,Hd, 
q CHXOCH.COOC,H. 

- 0-47 

5 *&S 

o»8o 

0'59 

12*9 

ro*7 

0*27 

(10) CH,COCH,COCIIa . 

+ I-S 3 

— 

0'52 

9-3 

— 

(iii CH*COCHBrCOOC,H. 

+ 2-23 

— 

0*64 

8-5 

— 

12 CHgCOGHjCOOH . 

+ 2-57 


0*48 

7-8 



a-bromacetoacetic ester are given by Pedersen. ’ The value of R for aceto¬ 
phenone (3) is estimated from measurements on its rate of iodination in 
trimethyla^tate buffers : on account of the low solubility of this ketone 
a complete study was not attempted. 

Finally, the value of ^or acetal¬ 
dehyde (2) is obtained from the 
measurements of Bell * on the rate 
at which it condenses to aldol in 
presence of hydroxyl ions. This re¬ 
action is of the first order with respect 
to acetaldehyde, and almost certainly 
depends on the rate of ionisation of 
the aldehyde.* The value of R for 
acetaldehyde has not been measured, 
and the value in the table was obtained 
by multiplying the value for acetone 
by 1*8, which is the ratio between the 
i?oH values for the two substances. 

Table I shows clearly that a de¬ 
creases as R increases, and it was pre- 
vioudy suggested • that a/(i — a) (re¬ 
presenting the ratio of the slop^ of 
the two potential energy curves at the 
point of crossing) was roughly a linear 
function of logjo i?. However, if this 
relationship is oxtrapolated to a » o 
it predicts a maximum value for R of 
about 10*, which is unlikely* since in 
our present units the collision number is about We have there¬ 

fore preferred to assume a linear relation between logu R and cot ira, 
which allows logju, jR to become mfinite for « o and a » x. Of course 
no theoretical sig^cance is claimed for this form of r^ationship, hut it is 
a convenient one for interpolations or short extrapolations. Fig. i 
(circles) shows a plot of logjo R against cot ir(3c, the straight line representing 

logio R ^ + 2’92 cot ira . . . (4) 

The numbers of the points correspond to the numbedng of the ketones in 
Table I. Some of the deviations axe undoubtedly greater than the experi¬ 
mental error, but the general trend is satisfactorily represented. 

T Pedersen, /. Physic, Chem., I 933 » 37 » 75^ I i 934 . 99 . < 5 oi. 

* Bell, /, Chm, Soc,, 1937, 1637, 

• Watson, Tfiww. Paraday Soo., 1941. 37 t 7 «> 7 » 
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If we now assume that the exponent a is the same for variations of 
ketone as it is for variations of catalyst ^t equation (3) is valid), 
we can calculate approximate values for the dissociation constants of the 
ketones used. Since the values of R all refer to a constant catalyst, the 
relation between A'an and R i« given by 

logic = Ji/a d logio R + A . . . (5) 

whore ^ is an integration constant and a can be expressed in terms of R 
by means of equation (^). The integral can be evaluated graphically, and 
the value of A can also be obtained, since ATgH for acetoacetic ester is 
known to be 2 x The values thus obtained for Agn are given in 

the fourth column of the table. (In the case of acetoacetic add (12) the 
dissociation constant refers, of course, to the —CHa group, and not to the 
—COOH.) They should difEer from the ordinary experimental values by 
a small statistical factor, since they were obtained from statistically 
corrected values of R : however, in view of the approximate nature of the 
present calculations, it has not l^en thought worth while to correct them. 

In two cases it is possible to compare the values estimated in 
Table I with the resnlts of direct measurement. McEwen has estimated 
the strengths of a number of very weak adds by a series of displacement 
reactions, and finds pK ^ 19 for acetophenone, in excdlent agreement 
with our value of 19*2. Neither value would be expected to be more 
certain than a power of ten. A more direct comparison can be made in 
the case of acetylacetone. The dissociation constant of this compound 
is usually quoted as i'5 x io“®, from the conductivity measurements of 
Guinchant.^® This value seems improbably high, and since earlier con¬ 
ductivity measurements ** gave a v^ue of 5 X lo^®, it is likely that both 
sets of measurements were vitiated by impurities. We have therefore 
determined the pB of a half neutralised solution of acetylacetone at about 
20’’ C. Measurements with a glass electrode and a Cambridge ^H-meter 
gave pH = 876, while colorimetric measurements with phenolphthaldn 
gave pH s 878. The ionic strength of those solutions was 0*03, so that 
a reasonable value for the thermodynamic dissodation constant of acetyl¬ 
acetone is pK = 8*9, in fair agreement with the value of 9*3 Table I. 
There is thus a check for our ^culated values at both en^ of the range, 
which serves to confbrm the assumptions made in deriving thorn. 

It is of interest to consider the molecular interpretation of the series of 
dissociation constants given in Table I. If we regard the substances 
concerned as derivatives of acetone, the eSect of the substituents in the 
£rat seven compounds is best understood as an inductive ofEcct, and is 
paralleled by the effect of the same substituents in increasing the dissocia¬ 
tion constant of acetic add. In terms of potential energy curves, the 
effect of these substituents is chiefly to raise the curve for the initial 
system SH + and hence to lower the activation energy. On the other 
hand, in the last five substances the large increase of add strength rdative 
to acetone is due to tine possibility of mesomerism (i,e» alternative formal 
charge distributions) in the ion formed, e,g. the ion cn acetylacetone can be 

written as either CH* . CO: CH . CO. CH, or CH,, CO. CH: CO. CH,. 
The increase of add strength and rate of ionisation is thus due to a lowering 
of the potential energy curve for the final S3^stem S'" + BH, In this case 
the effect is not parallelled in tibe substitute acetic adds, since the same 
possibilities of mesomerism do not exist; thus CHgCOCHsCOOH is 
only about ten times as strong as CHsCOOH, while Table X shows 

Goldsdmldt and Oslan. Ber,, igoo, 33,1x46. 

^^BdcEwen, J. Anur. Chmn, Soo,» 1936, ^ 5 ,1124. 

^® Guinchant, A^m. Ckim„ 1918, 9,139. 

“ V. SchflUng and VorWndor, 1^, '308, aoo. 
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CHaCOCH,COCH, to be stronger than CHjCOCH* by a factor of more than 
IQl®. 

It is perhaps surprising that substitution involving both inductive and 
mesomeric eilects can be included in a common relationship like equation 
(5), implying that the changes in rates and equilibria can be expressed by 
variations of a single parameter. However, it is not likely that this sim¬ 
plicity would extend outside a series of closely related substances. All 

the compounds in Table I contain the group yCH .. CO— and give ions of 

the structure ^CO : CO—. If we change over to a different class of 

pseudo-acids tiie relationships which we have found no longer apply. 
Thus for the ionisation of nitromethane the lvalues of R, a and Jfga are 
known, but do not fit into Table I. 


Reactions with Hydroxyl Ions. 

The variation of a with rate found for cMerent ketones should also be 
detectable by varying the catalyst B“' for a single ketone, provided that a 
sufficiently wide range of rates could be examined. The only possibility 
of realising this in practice is by comparing the observed rates for hydroxyl 
ion with those for corboxylate ions. It is, in fact, found* that the observed 
velocity for hydroxyl ion catalysis is always lower by several powers of ten 
than that predicted by the il^nsted relation valid for the carboxylate 
ions, and tibia agrees qualitatively with the decrease in a for increasing 
rate already observed when the ketone is varied. The weak point of this 
computation lies in the difficulty of obtaining a satisi^tory quantitative 
measure of the basic strength oi the hydroxyl ion. By ao^ogy with the 
carboxylate ions x/K^ h^ been commonly used, with 

IW « tH,0+][0H-]/[H*0] = K,rl55*5, 

55*5 being the number of formula-weights of H |0 in a litre of water. This 
procedure is clearly open to objection, partly on account of the high con¬ 
centrations involved, and partly because it connects the catalytic ^wier 
of the unassodated species OH- with the thermodynamic properties of 
highly associated liquid water. The same objection applies to the use 
of ^5*5 ^ measure of the acid strength of tihe ion HsO***. It is therefore of 

interest to attempt a more reliable estimate of the acid-base properties 
of OH- and HsO*^, even if such an estimate must be a very rough one. 

We shall assume for this purpose that the motecules in liquid water 
can be divided sharply into two classes, those which are associated and 
'^ose which are free, and that only the latter are relevant in estimating 
the basic strength of the OH- ion. If the volume concentration of the 
free water molecules is CHiO**], and their activity coefficient (referred to 
infinite dilution), then the product will be more suitable 

than [HtO] =* 55*5 m the present context. Since [Hj| 0 *] < [HaO], and 
< 1, the effect of revision will be to decrease the discrepancy with 
the Brdnsted relation. The position is somewhat similar to that obtaining 
for carbonic add, where the conventional dissociation constant is 
=» [H»0+][HCO,-]/[CX>j + H,COJ, while the true value is 
[HiO+][HCOa-]/[H*COi]. As would be expected, the effidency 
of tih^on HCO,- as a bade catalyst is )diuch less than would correspond 
to the value of 

^Pedersen, K, danshe vidMsk. Sslsk., 1932, 13 , i. 
i> Houston and Bootii, Biochem, 1938,33, 2049. 

Olson and Youle, L Amsr, Chem, 1940, 63 ,1027. 

” Bell, Trans. Faraaofv Soc., 37, 797. 
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We consider that a probable value for the pnxluct /h,o[H*0*] in water 
at 25® is 0*13 M, which is about 400 limes smaller th^ [HiO] = 55*5. 
This value is based upon the following considerations :— 

(t) The solubility of water at 25® in six non-hydroxylic solvents with 
dielectric constants between 7 and 66 is close to 5 M. This has been 
interpreted in terms of the electrostatic energy of the water dipole^ which 
will rapidly attain a limiting value in media oi dielectric constant consider¬ 
ably greater ihan unity.^’ 

(2) Although there are no direct measurements of activity coeflBicients 
in the above saturated solutions, freezing-point measurements of more 
dilute solutions of water in a numlDer of similar solvents indicate consider¬ 
able departures from ideal behaviour.^® These departures can be attri¬ 
buted to the energy of interaction of the water dipoles, without the Eormar 
tion of associated aggregates as in pure water. An estimated average 
value for the activity co^cient of 5 M solutions is 0'2, giving i-o M (in 
volume concentrations) as the value of /bio[HsO] in the saturated solu¬ 
tions. 

(3) If the dipole energy were the only important factor, we could 
attribute the same value -to the activity of free water molecules in liquid 
water, again in terms of volume concentrations. However, non-polar 
gases audi as methane, nitrogen and the rare gases are invariably more 
soluble in organic solvents than in an equal volume of water, the ratio 
of solubilities being usually in the range 4-12. This means that (relative 
to organic solvents) it is difficult to introduce a non-polar molecffie into 
water, partly because it has a smaller available free space, and partly 
because* more work must be done in making a cavity in the liquid. The 
same factors will operate in determining Ihe concentration of free 
molecules in water, and we have therefore decreased the value of i*o m 
by a further factor of 8, giving finally /h,o[H,0*] == 0*13 h. 

We shsdl therefore use as a measure of the basic strength of the OH~ 
ion the quantity o-x^lKw = 1/8 X lo-'*. This value is likely to be too 
low, since in making a sharp division between free and associated water 
molecules we are no doubt exaggerating the true position. However, 
even this large decrease in the basic strength attribute to OH" is insuffi¬ 
cient to reconcile the observed rates for the reaction SH -|- OH- with the 
values calculated from JR and a for carboxylate ions. The values of 
given in Table I would demand a value of approximately 2 x for 
the " true " dissociation constant of H, 0 , which is much greater than the 
upper limit of 8 x io“^® which we have obtained. Wo can therefore 
conclude that there is a real discrepancy between the observed and calcu¬ 
lated values of 7?oUf indicating as before a decrease in a as the velocity 
increases. 

It is of interest to see how far this decrease in «is consistent with the 
relations already found between a and rate when the nature of the ketone 
is varied. For this purpose we shall use our revised value of 1 /8 x 
for Iho basic strength of OH*". Let oqh be the value of a which would be 
observed if it were possible to study a number of bases with strengths near 
to that of the OH*^ ion. Then if equations (3) and (4) are valid for change 
of base, we have for a given ketone, 

IO“^ P®6h t [*®0H jm 

logw g - x - cosec* (6) 

Knowing k, it is possible to calculate ocoh ketone by graphical 

int^i;raiion, and the values thus obtained are given in the last column of 
Table I. These calculated values of ocqs should then be related to the 
observed values of by equation (4), repsresented by the straight line 


Bruni and Axnadori, Trans, Faraday Soc,^ zoo5« 5, 290. 
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in Fig. 1. The triangles in the figure represent the plot of logia J?oh against 
ooHf QJid are seen to fall near the line. (The numbers refer to the ketones, 
as before.) It seems likely, therefore, that the relatively low catalytic 
efiect of the hydroxyl ion can be approximately accounted for without any 
special explanations, povided that corrections for the association of water 
are applied when estimating the basic strength of the species OH“. On 
the other hand, if we compare the variation of jRqh from one ketone to 
another with the values of previously obtained, the corresponding 
value of Oon is about 0*78, which is much higher than the values obtained 
from equation (G). This discrepancy is at present unexplained. 


Summary. 

The chief points in the above discussion may be summarised as follows: 

(1) Data have been collected for the rates of ionisation of twelve 
ketones and similar substances in presence of bases, and for the dependence 
of the rate of ionisation on basic strength. Regulsirities have be©a pointed 
out and interpreted in terms of potential energy curves. 

(2) The above data have be^ used to deduce approximate values for 
the add dissodation constants of the ketones concerned, which range from 
lo"** to lo"*®. The value calculated for acetophenone is in agree¬ 
ment with other experimental data. The add dissociation constant of 
acetylacetone has been determined by indicator and glass electrode measure¬ 
ments and found to bo approximatdy 10*“®, in agreement with the calcn- 
lated value. The value of 1-5 x ro-® usually quoted for acetylacetone is 
in error. 

(3) The efiect of substituents on the add strengths of ketones has been 
discussed in terms of inductive and mesomeric effects. 

(4) An attempt has been made to estimate the concentration of un- 

assodated water molecules in liquid water, and hence to obtain a more 
reliable estimate of the basic strength of the hydroxyl ion. The latter is 
estimated at o>i3/iifw» rather than the usual figure of (Simi¬ 

larly, the add streng^ of the ion HsO+ is probably about 0*13 rather than 
55-5.) Using this revised value, the rates of ionisation of ketones m 
presence of hydroxyl ions fall roughly into line with the other kinetic 
and equilibrium data, though there are still some unexplained discre- 
pandes. 

(5) The folbwing general conclusion can be drawn from the above 
facts. In the reaction SH + B” ^ BH + S- (where SH is a ketone) the 
effect upon the reaction velodly of substituents in eitib.er SH or B- can 
be expressed uniqudy (though approximately) in terms of their effect 
upon the equilibrium constant of me reaction. In other words, the effect 
of substituents in dther reactant is primarily to alter the rdative positions 
along the energy axis of the potential energy curves concerned, without 
seriously changing their shapes. 

Physical ChemisUy Laboratory, 

Oxford, 



THE ELECTRICAL PROPERTIES OF COPPER- 
MANGANESE-ALUMINIUM ALLOYS. 

By Maurict: Cook and W. O. Alrxandkr, 
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Several difierent typea of copper alloys ore used as electrical resistance 
materiaJs according to the particular application and the properties 
desired. Where a negligible temp^ture coefficient is a necessary or 
desirable feature of the design, as it is in resistances in voltage regulators 
for svdtchgear and other eledxical plant, binary alloys contai^g 55-60 % 
Cu and 40-45 % Ni have been very generally used in recent years as re¬ 
sistance materials. In other applications where a zero temperature co¬ 
efficient is necessary only up to relatively low temperatures, that is, 
about 40° C., as for standard resistances, post-office l^xes and the like, 
alloys of the Manganin typo are commonly employ^. These are essentially 
allo^ of Cu with about 12-14 % Mn and 1*5-4 % Ni. Unlike the Cu-Ni 
allo^ they are not suitable for use at moderately elevated temperatures 
since under these conditions they oxidise readily and the dectrical re¬ 
sistance alters in consequence. There are, of course, other characteristics 
required in resistance materials, including suitable mechanical properties, 
resistance to corrosion, permanence of electrical properties, amongst 
others. In resistances operating at temperatures between 200 and 350*^ C. 
the working conditions can generally be divided into three groups. 

1. The resistance is hot for very long periods as, for instance, the 
continuously rated resistances in held rheostats, 

2. The resistance is intermittently rated, but is heated and cooled 
frequently, as iu constant starting resistances in automatic gear. 

3. The resistance is heated infrequently, as in hand operated switches. 

It is already well known that in addition to increasing the resistivity 

of Cu, the presence of Mn in increasing proportions decreases the tem¬ 
perature co^cient of the binary alloys until at 9 % of Mn it is almost 
zero. The addition of smaller amounts of Ni reduces the magnitude of 
the thermoelectric effect of the alloy against Cu, which is essential for 
accurate instrument work. The ternary Cu-rich alloys containing Mn 
and A 1 also poss^ useful and interestiiig properties as resistance materials, 
and the work briefly described in this paper was undertaken to ascertain 
their suitability for this purpose at operating temperatures of 200-350® C. 

In earlier work Thomas ^ determined the electrical resistivities of Cu 
alloys Gontamlng 4 to 16 % Mn and o to 8 % A 1 and also the temperature 
coeffidents and E.M.F. of the alloys against Cu. Most of the measure¬ 
ments were made on hard drawn wire, but since the softening or annealing 
temperate of some of the alloys may be relatively low, it is important 
to know their properties in the annealed condition. Moreover, the 
observations which Thomas made on permanence and reprodudbility 
were limited to the range of 0-100® C. and only for short periods of time. 

Preparation of Matmial8.r—Four ternary ^oys and two each of the 
Cu-Al and Cu-Mn binary alloys were cast as billets and ingots, from which 
were xnrepared wire and strip for various tests, the results id which axe 
given in Tables I-lII. The castings were initially hot rolled and then 
processed into wire by cold drawing and into strip by cold roUing further 
with interxnediate anneals at 600-650® C. 

Mler o a tru ct o re^ —In the cast condition all of the alloys showed a micro- 
structure of cored solid solution which became homogeneous on working 

1J. L Thomas, /, Res, Nat, Bur, Stand,, 1936, 16, (a), 149. 
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and annealing. The homogenised structure consisted of the a-phase^ 
and the grain size of the finished wires and strips varied betw'een 0*02 
and 0*04 mm., except that of the two binary Cu-Al 01103^8 which was 0*03- 
0-05 mm. 

Mechanical Properties.—^The strengths of the wires were tested in both 
the annealed and the hard drawn conditions and the values of tensile 
strength and elongation obtained are also given in Table T. These call 
for little comment and show, for all the alloys, a good combination of 
strength with ductility. 

Electrical Properties.—^Thc specific resistances of the alloys as deter¬ 
mined on 0*064 diameter wires are given in Table 1 in both the l^rd 
drawn (50 % r^uction in cross-sectional area) and fully annealed (600® C.) 
conditions, together with temperature coefficients over the range of 20 
feo 95° C. for fully annealed wires. In preparing samples for these tests, 
care was taken to ensure that the aimealed wires were not work hardened 
and that no Cu enrichment at the surface occurred as a result of annealing 
and pickling. 

Resistance to Scaling.—It is important that alloys used for electrical 
resistances should possess a high degree of resistance to scaling at operating 
temperatures and that not only should the amount of oxidation small, 
but the oxide should be adherent so that further and progressive oxidation 
is prevented. The characteristics of the material in tli^ respect are usually 
measured by the change in weight per unit of superficial area after pro¬ 
longed exposure at a given temperature in an oxidising atmosphere. 

The addition of A 1 to Cu is known to increase the resistance to oxidation 
and scaling, but the binary Cu-Mn alloys scale quite readily even at moder¬ 
ately elevated temperatures. Samples of the Cu-Al alloys and of the 
ternary alloys in strip form were heated at temperatures of 400, 500 and 
600® C. for periods of 2 and 8 hours and the resulting loss or g^n in weight 
is indicated in Table I. Those alloys containing 2 % of A 1 or more, i,e. 
alloys I, 2, 6 and 8, generally showed a slight increment in weight after 
two hours' oxidation, bnt this increment was not proportionately in¬ 
creased after exposure for eight hours at the same temperature, indicating 
that a protective film was formed at the surface whick resrtricted further 
oxidation. On the other hand, alloys 5 and 7 which contain only 1 % 
of Al, oxidised progressively which resulted eventually in flaking of the 
oxide scale and loss in weight. The oxide skin formed in those alloys 
containing 2 % of Al and more, did not fiake or even crack when the 
oxidised strips were bent through 180® C. These results show that the 
efiect of Al is to produce an adherent coating or oxide scale and that in 
the ternary alloys, provided the Al is of the order of 2 %, there is no 
tendency either to crack or fiako and the alloys oxidise only slightly. 

Stat^ty of Electrical Resistance at Temperatures above Normal.— 
All alloys used for electrical resistance purposes must be permanently 
stable at temperatures up to and preferably some way l^ond tlieir 
normal o^ei^tmg temperatures. Some of the factors which may afiect 
the resistivity of wire over a period of time at moderately elevated 
temperatures are briefiy outlined below. 

(1) Annealing effects which may take place at elevated temperatures 
resulting in a decrease in electrical resistivity. 

(2) The formation of oxide scale which increases resistivity as a con¬ 
sequence of the reduced cross-section of area of the conductor. Dependh^ 
on the nature of the oxide skin formed, it may progressively increase in 
tbichness, and may also, on heating and cooling, crack or fi^e and thus 
expose further metal suxfaees to oxidation. On the other hand, the oxide 
formed may be compact and closely adherent and protect the metal against 
further wastage and scaling. 

(3) Oxidising effects are not necessarily limited to simple scale formation 
and in some Cu base alloys, for example, it haa been ^own that oxygen 
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may combine with deoxidising elements in preference to the Cn, to form 
very fine precipitates. The formation of a sub-scale of this kind resulting 
from diffusion amounts to the removal of deoxidising elements from solid 
solution and a consequent decrease in the electrical resistivity of the 
alloy. 

{4) Many of the alloy systeras undergo phase changes in the .solid 
state with corresponding alterations in resistivity characteristics. While 
the constitution of the Cu-Mn-Al alloy.s is not completely established, 
there is no evidence that the a-phase is not stable. On the other l^d, 
it is conceivable that there could be a change in solid solubility limit, 
and if this were so it could aftect the resistivity of the material. 

Although most of the foregoing factors would result in a decrease in 


TABLE 11 .—Effects of lifTERMirrBNT Heating and Cooling from Room 
Temperature to 300 and 400® C. 


AUoy 

No, 

IHar Cent. V.-iriation m Reustoncc. 

Aftci illoiU'i.u 

After 14 Day-) at 

After 1 llonr at 

AftPi 14 Days «t 


300" C\ 

3.x>“C. 

joo® t. 

400" C- 

7 

_ _ 


— 1-0 

-3-6 

8 

H 0*1 

-( 0-!> 

h 0*2 

•— 0-2 


resistivity, their relative effects will vary in different i^terials and also 
according to the heating conditions. It is only pc^sible, therefore, to 
obtain information concerning the stability of resistance n^terials at 
working temperatures by actual tests carri^ out over a period of time 
in which any changes in the resistivity values are noted. Several methods 
of testing procedure have been adverted, but the only one generally 
recognised in this country is that detailed in B.S. 115, clause 7, for Class 
C material, in which the material is heated for one hour at 450® C. and 
subsequently for one month at 350® C., as a result of which the resistivity 
must not have altered by more than rb 1 %• 



Samples of all eight alloys were subjected to this test and the results 
obtained are given in Table I. Both the Cu-Al and Cu-Mn binary alloys 
showed a change in resistivity of more than i % after this treatment, 
but the change in resistance of sXi four of the ternaiy alloye was well beOow 
I %. 

In many applications electrical resistance alloys arc not exposed 
continuously to heating, but are subjected to intennittent heating. Some 
intennittent heating tests simulating service conditions were, therefor^ 
carried out on aUoya 7 and 8 to obtain some indication of the tendeocy 
of the oxide coating to flake off and the effect on resistivi-^ values. The 
test comprised heating specimens of wire at 300 or 400® C, for three hours. 
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followed by one hour at room temperature, and thu! cycle of intermittent 
heating and cooling was repeated for a period of a lortnight. The results 
obtained are given in Table II, from which it will bo seen that the stability 

of the alloy con¬ 
taining 10 % Mn 
and 2 % A1 is satis- 
tactory after inter¬ 
mittent heating of 
this kind. 

The temperature 
coefficient of elec¬ 
trical resistivity for 
this alloy was de¬ 
termined over the 
range 20-350° C. 
and the results are 
given in Table III 
and plotted in 
Fig. 1. The tem¬ 
perature coefficient 
first decreases vuth 
rising temperature 
and then increases 
so that the tem¬ 
perature coefficient 
of resistance is 
about —0*000045 
between 20 and 200° 
C. and -(- 0*00005 
etween 200 and 350° C., the net effect being a negligible change in re¬ 
sistance between 20 and 350° C. 



Fig. 2. 


TABLE III — C'oEFFiciENT or ArxoY 8 up to 350’ 
Temperature Itising, 
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0*14980 
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o*i 4 <) 5 f) 

r05-2«5 

— 0*000044 

- 0*0000072 
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O' 15020 

215-302 

1 0'000053 


350 

0*15002 

302-350 

-1- 0*000058 



Temperature Jl*'allitig. 


310 

0*15021 




262 

0*14980 

310-262 

— 0*000057 

1 

213 

0*14947 

262-213 

— 0*000045 

I 

L-JS 

0*14989 

*13-^55 

4. 0*000048 

> 4- 0*0000073 

107 

0*15025 

155-107 

-1- 0*000050 


21 

0*15110 

107- 21 

-f 0*000065 
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Linear GoeiAdlent of Bspanslon.—The linear coefficient of expansion 
of a resistance material is also an important property since if this is 
excessive, loosely wound spirals not supported on formers may buckle 
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unduly and cause shorting and arcing. The expansion of the 10 % Mn, 
2 % A1 alloy between 20 and 350® C. is shown in Fig. 2, trom which it 
will be noted that it is practically a linear function of temperature, the 
coefficient of expansion being 0*0000175® C. This value is about normal 
lor resistance materials and should not, therefore, lead to any difficulties 
due to thermal expansion when in service. 

The authors’ thanks are due to Imperial Chemical Industries Limited 
for permission to publish the results contained in this paper. 
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Minutes of Special General Meeting 

A Special General Meeting of the Society was held at the Hotel 
Rembrandt, South Kensington, London, S.W.i on the 24th September, 
1943, at 5 p.m. 

The Secretary announced that the meeting was held in accordance 
with the wishes of members expressed at the Thirty-Sixth Annual General 
Meeting held on the 12th December, 1942, at the Hotel Rembrandt, 
London, S.W.r. 

The President reported briefly upon the present position of the Society. 
The Council had not found occasion to meet very frequently, its main 
business being to arrange for the General Discussions and to ^ect new 
members. The membership continued to grow. There had, of course, 
been a drop in the early days of the war owing to the fact that a consider¬ 
able number of members bwame enemies and, in the circumstances, the 
Council did not think fit to exercise its discretion under rule 15 to continue 
the membership of the enemy members whose subscriptions were in arrears. 
The present membership is about eight hundred. 

The Council had been engaged in negotiations with representatives of 
the Chemical Council as to the possibility of the Society co-operating more 
closely with other chemical societies. The Council felt, however, that in 
view of the large proportion of its members who are primarily physicists 
rather than chemi.sts, and in view also of the large number of members 
who are not resident in the British Isles, the Society’s interests would be 
best furthered by seeking, in co-operation both with chemical and physical 
societies, in tbi.q country and abrosid, to improve physico-chemical abstracts. 
The Council contemplate the possibility, if such arrangements can be made, 
of securing such abstracts for members. 

The Council had also considered what advice they should give to the 
members in connection with the next item on the Agenda. The Secretary 
said that the unanimous opinion of the Council was that the President 
should continue in office in view of tiie fact that he was actively engaged 
in the negotiations with other Societies to which the President had referred 
in his opening remarks, and that a proportion of the Vice-Presidents and 
Ordinary Members of Council, namely one-third, should retire so that the 
pre-war practice for the election of the Council should in that respect be 
restored. 

The meeting then unanimously adopted the above suggestions with 
regard to the election of Council at the forthcoming Annual Gesaeral 
Meeting. 
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With regard to the Presidency, the meeting was unanimously ot opinion 
that the President should continue in office lor such time as the Council 
should think fit, and that the choice of the retiring one-third of the Vice- 
Presidents and Ordinary Members oi Council should be determined by 
senioiity of office, whilst paying due attention to the desirability of main¬ 
taining on the Council those membeis who were in a position to attend meet¬ 
ings. Accordingly it was unanimously decided that the new rule 20 which 
was passed at the Special General Meeting held on the gtli January, 194T, 
as tollow's ~ 

“ During the present war, those provisions of Rules 19 and 20 whereby 
the President, Vice-Presidents and ordinary Members of Council 
are not eligible to hold office for more than the periods in those 
Rules mentioned sliall cea->e to have effect," 

should be amended to read as follows :— 

" During the present war or for so much thereof as the Council may 
so decide. Rule rg, whereby the Piesident is not eligible to hold 
office tor more than two years, shall cease to have eftect." 

Arising from the President’s report the meeting suggested that local 
secretaries of the Society should be appointed in various parts of the 
country in order to promote membership of the Society, and that to that 
end professors of physical chemistry at the various universities should be 
invited to ask some active member of the staflt to undertake this duty. 
The meeting also asked the Council to consider whether steps might not 
be taken to invite the organisers of local symposia, which from time to 
time are held at the universities throughout the country, to be held in 
connection or under the aegis of the Society 
This concluded the business ot the meeting. 


CORRIGENDA. 

P. 180,1. 9. Voy I read Pigs, i and 2. 

P. i8(i, 1. 7 from bottom. For x I aE)w read x ~~ (c-f-aE)/tt». 
P. 189,1, g U’om top. For X (‘ Oxt# 

read x I (x - c,)xu. 



THE FAST AND SLOW EXTENSION OF SOME 
PLASTIC MATERIALS.* 

By R. N. Haward. 
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Introduction. 

lu an earlier paper ® some extension and breaking experiments on 
cellulose acetate and celluloid were described and empirical equations 
were used to describe tbe experimental results. These were then con¬ 
sidered in the light on the known high toughness of the materials, and it 
■was concluded that, if a tough stifE material was required, it must extend 
at high or moderate stresses at a rate which increases very rapidly with 
increase of stress. It must also be capable of quick rupture only under 
stresses markedly higher than those at which the rates of extension are 
readily measurable. 

The essential assumption underlying this approach is that, apart from 
adiabatic and isothermal differences, there is no qualitative distinction 
between slow extension and deformation under impact. The difference 
is purely one of time. 

If we could obtain two equations, one describing the extension and 
the other the rupture of a material under all conditions, then the results 
of all the varied impact and flexibility tests would become, at least in 
theory, predictable. 

We will now consider the case of a material whose properties are 
generally similar to those we have found for the two cellulose derivatives 
and subject it to an idealised impact. We may write a = 27 -f Hookean 

Strain, also 27 = 27 (So, t) and ^ *= 27 '(So, t), where S A as f -> 00, and 

d 27 /d 27 \ (uuut) 

has a maximum value at a given time (• The Hookean 

Strain, on the other hand, is time independent and = So/E. 

*NQte on Nomenclature :— 

As at least two sets of symbols have been used in this field, it is considered 
desirable to list them at the beginning. The symbols used here are derived from 
the Scott Blair-Coppen equation,*^ bat where they have the same meaning as 
those used by Tackett,® the latter are given in brackets:— 
a, {D). Total Strain. 
t (<). Time. 

27 (Dhb)‘ The non-ideal elastic part of the total strain. 

Sq. Stress at any time calculated as an initial stress with original cross- 
section. 

Po. Initial Cohesive Strength. 

A. The Empirical Limit to 27 (in some cases -the same as jDhh®)- 

ft'.f Indices of So and i re^ectively in an equation relating 27 So and 
i/f. A constant in the same equation. 

Vi. The Critical Impact Velocity ~ the ^hest rate of non-ideal elastic strain. 
E The Young’s Modulus of Elasticity. 

^ Scott Blair and Coppen, J. Soc. Cham. Ind.^ 1941, 60, 635 ; P.R,S.B., 1939, 
128,109. 

* Tuckett, Trans. Faraday Soc., 1942,38, 310 ; 1943, 39 » 158. 

* Haward, ibid\ 1942, 38, 394. 

f Dr. Scott Blair has pomt^ out that my constants j 3 , yjf, and k differed from 
those which he and others had used in that in my case, the Hookean Extension 
had been subtracted from the total extension- It would therefore appear de^- 
able to mark them ft', and -to avoid possible confusion. 

13 267 
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With regard to the breaking of the material wc assume that the 
breaking time is given by ^ = f(So) such that as ^ o, 5 o -y Pq, P^ being 
called the Initial Cohesive Strength J and is the highest stress to “which 
the material may be exposed “without immediate rupture. 

In the idealised impact, -wo subject a piece of this material of length L 
and unit cross section to extension at velocity V by the action of a hca-^rj' 
body acting on a rigid system, i.e., V does not vary perceptibly as worlc 
is absorbed. 

While the material is extending 


V d^ + P ' di 

i.e., ■will be positive. Hence Sq “will rise steadily until 

it exceeds P® when rupture wiU occur. Under these conditions the 
non-ideal elastic extension -will be smaller than, or comparable “with, the 
Hookean extension, and for this purpose it is sufi&cient that 

/dJCNCmax) , . , ^ , .dS V 

v’^/p highest possible value <~j' 

If, however, ^ becomes > ^ then dSo/dt becomes zero or negative, 

i.e., there “will be constant or even decreasing stress, and S may become 
very large. For this purpose it is necessary but not always sufficient 

>z- 

In general if 2 becomes large it will be limited not by the time factor 
but by the extension limit A which appears to be a general property of 
“the non-ideal elastic extension. In this case, there “will be an upper limit 
to the work taken up, which may be called the Ideal Total Work and is 
given by the sum of the Ideal Hookean and non-ideal elastic work, each 
taking place at Pj, the maximum initial stress. Since “the Hookean work 
pa 

equals we may “write 

-f PoA = Ideal Total Work. 


We may conclude that the contribu“tion of the non-ideal elastic extension 
during impact is limited by three quantities, namely, 

(i) The velocity of impact must be less than a Critical Impact Velocity 

( ( 3,27 \ (nuvz) 

--r; ) and will have the 
dijpo 

dimensions of (c/. angular velocity). 

(2) There will be a correspondiii^ highest rate of energy absorption 

( d2\ 

X Po. 

(3) The total energy cannot exceed the product P^A in the Ideal 
Total Work. 

We may no“te “that both the critical impact velocity and the Ideal 
Total Work are idealised quantities which are not necessarily absolutely 
invariable for a ^ven material, but they can still be “valuable in explaining 
apparent inconsistencies in the bdiaviour of materials under impact. 
For instance, the limit A may vary slightly with the initial stress, but 


i The “term " Initial Cohesive Strength" is substi“tuted for " Snapping 
Strength " as “the term is clearly related to the conception of cohesive strength 
as applied to metals (Ho3rt, A .S.T.M., 1938, 38, 153). 
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the difference between the value of 0*5 for cellulose acetate and at leavst 
7-S for rubber ® is large enough to give rise to significant conclusions 
even if each of these quantities was subject to a variation of ± 50 %. 

Similarly the Critical Impact Velocity may be fixed within an experi¬ 
mentally significant range. This has been done by Myers * who measured 
it in arbitrary units by finding the critical range of velocity in which a 
fl3r\vhcel impinging on a sheet of plastic causes a change-over from bending 
to breaking. Ho claims that this velocity is a measure of toughness whose 
value is confirmed by experience. His results show that for his materials 
the rate factor is decisive. However, he notes that he cannot find any 
correlation between his bending experiments at high velocities and the 
properties of the materials under slow extension. 

In this paper experimental results on the slow extension and breaking 
of cellulose acetate and poly-methyl methacrylate films will be presented, 
and, in the case of the former, an investigation of the change in properties 
with temperature will be included. In this way the limited nature of 
the effects due to adiabatic conditions can be illustrated, and tentative 
conclusions regarding the possible behaviour of these materials under 
impact conditions deduced. These are compared with the results of some 
simple impact experiments and it is concluded that, when the various 
factors outlined in the foregoing disenssion are taken into account, ap¬ 
parent contradictions between slow and fast extensions can be eliminated. 
Naturally it is realised that the correctness or otherwise of the views 
expressed above can only be satisfactorily demonstrated when a full 
picture of the rates of extension of a number of materials under a very 
wide range of conditions becomes available. In the absence of such full 
information the results of more limited experiments can be usefully 
considered.* 


* Boggs and Blake, Ind. Eng. Ghent., 1936, 28, 1198. 

* Igmanson and Kemp, 889. 

® Myers, Modem Plastics, 20, Oct., p. Si. 


* Note on the Assumptions involved in the above Discussion :— 

(1) di?/di increases as the stress increases and, at a given stress, has a maximum 
value at a given time. This applies to all extension curves measured, but when 
a material is extended under constant load with decrease of cross-section 

( d.2^\ (max) 

j may or may not be at # = o. Under constant stress this would 
normally be anticipated. 

(2) The Ideal Hookean extension has no time factor. This is by definition 
(c/. British Rheologists' Club, Nedure, 1942, 149, 702). Little is knovra. as to 
whether the Hookean extension of a plastic material as defined by its (Young's) 
Modulus of elasticity has a practically measurable upper limit of velocity. Since 
this typo of deformation is mvolved in the transmission of sound it would appear 
to be capable of taking place fairly quickly. 

(3) The breaking time curve is asymptotic to Po at short times. This appears 
to be the best assumption on the available evidence. The existence of a critical 
head speed for tensile testing, above which no further increase of strength occurs, 
has been put forward by Couzens and Wearmouth ’ and Findlay.® Further 
evidence is given in this paper. 

(4) That times long enough for condition (2) are short enough for S© Pq 
during the non-ideal elastic extension. Only apj^ximate agreement is assumed 
here in deriving the Ideal Total Work, which is a noaximum quantity. The 
Theory also takes no account of changes of strength during elongation which 
might lead to values of the strength greater than Pq. 

(5) All the extension e^eriments and the equations derived are based on a 
constat initial load, S^. Under impact conditions the stress S will naturally 
vary with time. It is assumed that this wiU not introduce difierences so great 
as to cause the analogy between the two types of extension to break down. 


’ Couzens and Wearmouth, J. Soc. Chem. Ind., 1942, 61, 69. 
® Findlay, Modem PlasUcs, 1941, Sept., p. 57. 
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The Fast and Slow Extension of Real Materials. 

The general technique ol the extension experiments whose results are 
presented here is the same as that described in an earlier paper.® A strip 
of film was extended at a given temperature under constant load and a 
aeries of such extensions carried out at dillcrent initial loads to give a 
family of total extension-time curves. A complementary scries of experi¬ 
ments on suitable test pieces then enables the time of rupture at any given 
initial stress to be measured and the corresponding logarithmic breaMng- 
time curves plotted. These include results at quite short times and, no 
doubt, also include small adiabatic eftccts. The extension curves, on the 
other hand, arc confined to rates of extension where isothermal conditions 
may be reasonably anticipated. As a consequence, predictions concerning 
fast extensions can only be reached by means of a long extrapolation 

of the results, which is 
clearly shown in the form 
of presentation adopted. 
Such an extrapolation is, 
of course, involved in all 
attempts to relate slow 
and fast extensions, and 
can only be eliminated 
when extension-time 
curves are available over 
the whole range of exten¬ 
sion rates. 

Comparison of Poly- 
methyl Methacrylate and 
Cellulose Acetate Films. 
—Isothermal extensions 
under constant load can 
be made with plasticised 
methacrylate f films in 
the manner outlined 
above and total extension¬ 
time curves obtained. A 
family of such curves at 
a series of stresses for a 
methacrylate film con¬ 
taining 25 % dibutyl 
phthalate is given in 
Fig. I together with a 
typical cellulose acetate 
extension. The outstand¬ 
ing difierence between the 
-deformation properties of the two materials is at once obvious. Clearly 
the extension limit of the methacrylate films is very much larger than 
that of the cellulose acetate. Taken alone, this property would suggest 
that methacrylate .should have a higher value of the Ideal Total Work 
than cellulose acetate and would tend to be " tougher ”— a. conclusion 
contrary to experience.® However, if we assume that the weakness of 
methacrylate is due to factors connected with the critical impact velocity, 

f A viscous partly polymerised mixture of methyl methacrylate containing 
0'5 % benzoyl peroxide and a known quantity of plasticiser was completely 
polymerised between glass plates at 60® C. and finally dried out for 24 hours at 
the same temperature. The intrinsic viscosity (Gee, Trans. Faraday Soc., 1940, 
36, 1167) of the polymeric material varied between i*5-2*o. Unless otherwise 
stated extensions were carried out at 26® C. and 33 % humidity. 

® AxSlrod and Kline, J. Res. Nat. Bur. Standards, 1937, 19, 367. 
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theu this apparent contradiction can be reconciled and the slow extension 
properties become consistent -with accepted experience. 

For this purpose it is necessary to compare the rates of extension of 
the two materials together \vith the breaking time cur\"es rather than the 
extension-time curves. It lollows from the empirical treatment applied 
to cellulose acetate “ that if the log rate of extension-log stress curves at 
a given extension and a series of stecsses were plotted and this procedure 
repeated at several different arbitrary extensions on the extension-time 
curve, a scries of parallel lines would be obtained whose slopes were 
Ik'. Obviously one of these lines—^that taken from the steepest part 
of the extension-time curve—will represent the highest rate of extension 
of which the material is capable at a given initial stress. It will there- 
/d27\ ni**) 

fore correspond with discussed above. The same treatment 

can then be applied to the corresponding curves obtained from metha¬ 


crylate to give an 
empirical logarith¬ 
mic line describing 
the highest rates of 
extension at a given 
initial stress. In this 
case the parallelism, 
within experimental 
error, of lines taken 
at other degrees of 
extension can be de¬ 
monstrated though 
no attempt has been 
made to embody 
these results in an 
empirical relation. 
The logarithmic lines 
of maximum rate of 
extension for the 
two materials are 
given in Fig. 2 



together with the fiq. 2.—i,og rate of strain, log breaking tune curves 
appropriate break- plotted against the same scale of log stress. The 

ing-time curves, intercepts on the left represent the extrapolated 

which are plotted highest rates of non-ideal elastic strain, 
against the same Cellulose acetate marked 0 . 

scale of log stress Polymethyl methacrylate marked 


with their own log 

time scale on the right. It will be seen that the rates of strain for cellulose 
acetate are everywhere greater than those for the methacrylate film and 
that the tendency is for the lines to diverge at higher stresses. In order to 
compare the extrapolated highest rates of strain or critical impact velocity, 
we must produce the rate of strain lines until they meet the respective P# 
asjrmptotes, which are the highest stresses to which the materials may be 
respectively subjected. The strain velocity at this point represents the ex¬ 
trapolated critical impact velocity and is marked Vi on the graphs. It will 
be seen that the value obtained for cellulose acetate is about 10 times 


greater than that for methacrylate. Here it must be emphasized that no 
suggestion is made that the j&gures obtained in this way, using such a long 
extrapolation, are quantitative. It is only concluded that, if the ex¬ 
tensions of the two materials are dealt with in terms of rate and strain. 


instead of amount of possible strain, the apparent inconsistency between 
slow extensions and the results of impact experiments disappears. Never¬ 
theless, these slow extensions also indicate that, if methacrylate and 





272 FAST AND SLOW EXTENSION OF PLASTIC MATERIALS 

cellulose acetate can be tested under conditions in which the non-ideal 
extension of the methacrylate does take place, then the former should 
absorb the more work. 

Effect of Different Quantities of Plasticiser.—In order to demonstrate 
the cttcct of plasticisers on mechanical properties the experiments described 
abo\'e have been repeated with two other methacrylate films containing 
2Z % and 28 % dibutyl phthalatc respectively, and the results arc shown 

ill Fig. 3. The soften- 
ing c+lect of the 
plasticiser is clearly 
^ demonstrated both in 
the logarithmic rate 
of extension lines and 
in the breaking-time 
curves, which in this 
case also give more 
(■ satisfying evidence of 
the existence of a real 
Initial Cohesive 
Strength than in Fig. 
2. In particular, the 
7 rate of extension at 
low stresses is 
markedly increased 
by addition of plasti¬ 
ciser, but the logar¬ 
ithmic lines appear 
2 to converge at higher 
stresses and the re¬ 
sulting increase in 
extrapolated Critical 

Fig. 3.—Log breaking time, log rate of strain. Curves Impact Velocity is 
for two plasticised methacrylates, uot very large. In¬ 

deed, the values ob¬ 
tained for 25 % and 22 % dibutyl phthalate are not substantially different, 
but the higher values obtained with 28 % plasticiser may be significant in 
view of the similarity of the materials being compared. It will be shown 
later that an increase in plasticiser content can cause an incease in the 
energy absorbed during a simple impact test. 

The extension-curves from which these points are derived all show 
a high extension limit as in Fig. i. 



The Adiabatic Effect. 

( 1 ) The Variation in the Properties of Cellulose Acetate with Tem¬ 
perature.—When a material absorbs work adiabatically its temperature 
will change. Therefore, the first condition for estimating the difference 
between an adiabatic and isothermal deformation is that of measuring 
the effect of temperature on the mechanical properties of the material. 
In the first place, our attention can be confined to the non-ideal elastic 
part of the extension since this alone is concerned with large energy ab¬ 
sorption and heat changes. Although temperature coefiScients in the 
ideal Hookean elasticity are not without interest in themselves, their 
presentation may conveniently be deferred. 

In order to investigate the effect of temperature on the extension 
and rupture of cellulose acetate, a iresh batch of material was subjected 
to extension and breaking tests at 20, 26, 33 and 40® C. The extensions 
were then submitted to the empirical treatment given in the earlier 
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Tjaper ® and it was found that at 40® C. this method broke down * but 
at the other three temperatures a fair representation of the res\ilts could 
be obtained. However, apart JErom the extension limit A which did 
not diverge appreciably from 0*5 at the three lower temperatures, all the 
constants varied with temperature. For the above reasons, no attempt 
is made in Fig. 4, where these results are given in the same form as Figs. 
2 and 3, to plot a logarithmic highest rate of extension line for the experi¬ 
ments at 40® C. The results at other temperatures show that the efEect 
of raising the temperature of cellulose acetate is similar to that of increasing 
the plasticiser in methacrylate films. The material extends more easily 
and breaks more quickly at low stresses, but at high stresses these differ¬ 
ences tend to diminish. 

It may therefore be concluded that when a material like cellulose acetate 
undergoes a non-ideal adiabatic extension it will extend a little faster at a 
rather lower stress because of the heating effects involved, but that the 
differences introduced by adiabatic conditions will not be very large unless 
the rise in temperature is considerable. This, however, only refers to 
the effects of temperature change during an extension in which a fair 
amount of work is already being taken up. It does not apply to the effect 
of initial tem¬ 
perature on 
total work ab¬ 
sorption and 
cannot do so 
since these 
extrapolated 
curves furnish 
no indication 
of the effect of 
temperature on 
critical impact 
velocity. On 
this point, the 
direct impact 
experiments of 
Callendar,^®the 
bending ex¬ 
periments of 
Kemp, Malm 
and W i n- 
spear,=^i and 
the figures in 

Table II, show that large increases in work absorption or rates of exten¬ 
sion with rising temperature, are common. It is therefore concluded 
that Vx normally increases with the temperature. 

( 2 ) Estimation of the Possible .Temperature Cihanges During Ex¬ 
tension.—^In the last section it was suggested that if adiabatic tem¬ 
perature rises were to have an important effect on extension properties, 
they would have to be large. Their magnitude is now considered 
quantitatively. 

In the first place, however, it must be noted that during the ideal 
Hookean extension there will be a slight cooling effect. In tins type of 
deformation plastics behave in a similar way to metals (cf. Joule i») as 

* The deviations could he partially represented by allowing A to vary with, 
stress, but no evidence of permanent plastic flow could be obtained. One out 
of the six extensions at 33® also failed to fit the empirical treatment in a satis¬ 
factory way. 

Callendar, Brit. Plasty i 942 » * 3 f 445 . 5 o 6 * 

^ Kemp, Malm and Wiospear* 7 «d. JSng. Chetn., 1943. 38, 448. 

“ Joule. 8, 335, 1857 ; PhU. Mag., 14, 226, 1857. 
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was shown by McNally and Sheppard in an investigation of the thermal 
effects during the extension oC cellulose acetate and nitrate. They found 
that there was a distinct initial cooling effect which changed to a larger 
heating effect at the " yield point,” i.e. the point at which the non-ideal 
extension began to take place. In the case of a highly plastici.sed material 
like the cellulose acetate devseribed here, the relative magnitude of the 
non-ideal extension will be greater than that in the plastics investigated 
by Sheppard and McNally. In the subseciuent discus.sion this cooling 
effect is neglected. 

In order to evaluate the total temperature change in a material during 
sudtlen non-ideal extension it is necessary to know the specific heat, the 
specific gravity of the material, and the amount of work absorbed. The 
determination of the first two quantities is straightforward but the last 
one will depend on the conditions of testing. We can, however, use our 
figure for the non-ideal part of the Ideal Total Work, viz., PoA, which is 
the highest amount of non-ideal work the material can absorb, to give an 

upper limit to the possible 
rise in temperature. 

This is shown in Table I. 
Since, in practice, the 
temperature rises will be less 
than these, it seems fair to 
conclude that differences 
between isothermal and 
adiabatic extensions will 
not play a very large part 
in causing differences be¬ 
tween fast and slow defor¬ 
mations of these materials. 

The Ideal Hookean Extension.—So far attention has been directed 
to the non-ideal elastic extension, because it is the larger source of 
deformation and also because of the importance of the time factors 
associated with it. However, the Hookean extension has a special 
importance because it is an ideal, i.e. quick, time-independent deforma¬ 
tion. This gives it the property of being always available under normal 
conditions of impact and therefore a universally applicable source of 
flexibility and toughness. For this reason, the values of the Young’s 
Modulus E, the maximum Hookean strain Po/E and of the Hookean 
work ^P^^fE may be compared for varied materials without further 
qualification, to give an indication of their possible toughness. Such a 
list is given in Table II. 

The most interesting point about this table is the degree to which the 
highest extension and Hookean work actually corresponds with ordinary 
experience of flexibility and toughness. There may be two reasons for 
this. Firstly, that the Ideal Hookean extension is the one involved in 
ordinary metihods of handling, and secondly, the Hookean extension 
plays a dual role in energy absorption, not only taking up work itself but 
also giving the non-ideal deformations more time to take place. In this 
way a large Hookean extension may help to compensate for a low Critical 
Impact Velocity; at the same time, the non-ideal extension must play 
the dominant part where any very large absorption of energy takes place. 

Surface Effects on Impact Testing.—Since the Hookean work taken 
up by a material is given by iPo*/E, it follows that for any material whose 
work absorption is mainly of the ideal Hookean type and which is treated 
in such a way as to alter Po iJiot E, the relation 

(Initial Cohesive Strength) ® 

Impact Strength 

“McNally and Shepard, J, Physic. Chem., 1931, 35,100. 


TABLE I. 


Material. 

CeUuloid. 

Cellulose 

Acetate. 

Sp. gravity 

I *40 

1-28 

Sp. heat 

0-34 

0-41 

A . 

Highest temperature 

0*30 

0-50 

increase 

I0‘0® C. 

4 - 7 “ C. 
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TABLE ]I.— The Young’s Modulus and Related Quantities tor some 
Plastic Materials at 26* C. 


tial. 

Young's Mod. (E). 

Pa. 

Highest 

Extension. 

Work«lPoa/E. 

Ollulo'sc* acetate “ 

2,400 lvg/cm.*> 

210 

0*09 

9 Kg, cms./c.c. 

Celluloid .... 
Polymcthj-l melhacrjdato 

19,100 „ 

(68o)i» 

0*04 


25 % di butyl phthalate . 

5.700 

250 

0*04 

5*5 

Ditto. 22 % D.B.P. 

Phenol lormaldehydc.c 60 

7.300 

300 

0*04 

6 

mins, at iso® C. (C stage) 
Cresol formaldehyde « (same 

59.500 

670 

0*01 

3-8 

as above) 

Vrca formaldehyde,® (cast 

1 50,000 

330 

0*007 


C stage) 

i 31,000 „ 

300 

0*01 

1*4 

Glass .... 

700,000 „ 

(840)® 

0*001 

0*5 .. 


Mote.—» Haward.® 

»> An uncertain value (see Fig. 5) upon which the estimation of Po is based, 
c 'Ihe values for the thermosetting resins arc taken from R, Houwmk,®* P^ 
being taken simply as his tensile strength. The actual Initial Cohesive Strength 
may be higher, but for such hard materials probably not much higher. 

The ^ures for glass were obtained from ben^ng experiments on commercial 
sheet with diamond cut edges in compression. It is not a real value of Po which 
may or may not exist tor glass. 


should be constant. This relation should apply, therefore, to variations 
in impact strength brought 
about by surface cracks 
and the like, provided that 
the material is hard enough 
to ensure the substantial 
absence of non-ideal defor¬ 
mations under impact. 

It would appear that 
'* Plexiglas,” whose tensile 
strength rises to nearly 
14,000 Ib./sq. in. ^ 1,000 
Kg./cm.*,issucha material. 

Figures and graphs for the 
effects of surface treatment 
on Plexiglas are given by 
Bartoe.i* If it is assumed 
that the Initial Cohesive 
Strength of this material is 
proportional to the flexural 
strengths measured, then, 5.—Breakmg time curve for celluloid, 

for a series of different N.B.—^At lower stresses the results are even more 
surface treatments, the irregular, 

relation 


X 

0 

N 

*'* 




1 

> 

1- 

N 

N 

\ 

> \ 

© \ 

\ 

\ 




e 

t. 0 ^. So (h 

\ 

\ 




^ 2-7D 2~/5 1*60 2*63 2-gS 


(Flexural Strength)* _ 

Charpy, Uimotched Impact Strength 


Constant. 


“ Houwink, Elasticity, Plasticity and the Structure of Matter, Camb, Univ. 
Press, 1940, p. 155. 

=^*Bartoe, Aviation, 1943, Jan,, p. 128. 
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The figurea Xor this relation are given in Table III. 

TA. 1 JLE ni. 


Siirfaw. Troatmcnl. 

Sirwiifth 

(a). 

Fl< xural Stniigth 
Ib./sq. in (6). 

10® (a). 

1 . J’ohshod to rt'iJiovo scratches . 

3-2 

3,7 50 

59 

2. Bell Sander at 45“ 

3*0 

I2,S00 

54 

3. Bolt Sander perpenrlicular to length. 

l-O 

9,530 

57 

4. Same as 3 but coated uilh plcxiglas 


solution ..... 

2-2 

13,000 

76 

5. Belt Sander parallel to length . 

3-5 

13.500 

52 

6. Tension side Sander porp. Compres¬ 



sion side parallel 

1-6 

9.300 

54 

7, Scratched o-joo inches deep . 

0-3.5 

5,350 

84 

Scratched 0-050 inches deep . 

0*45 

5.550 

68 

Scratched 0-025 inches deep . 

0-67 

0,050 

56 

Scratched 0-020 inches deep . 

0-74 

6,100 

50 

Scratched 0-009 inches deep . 

T-94 

13,200 

90 


It will be seen that, although agreement is only approximate, the 
figures are generally favourable to the views expressed. 

The Effect of Temperature on the Young’s Modulus.—The values of 
the Young’s Modulus of ideal Hookean elasticity at different temperatures 


TABLE IV.—The Young’s Modulus for Cellulose Acetate and Celluloid 


Temperature. 

ao* C. 

86® C. 

33“ C. 

40“ C. 


Cellulose acetate, standard 
fibestos " C " . 

CeUnloid .... 

Bhodoid. Commercial acetate 
sheet 

Cellulose triacetate, 40 % butyl 
phthalyl butyl glycollate . 

4,000 

3,000 

19,100 

8,400 

8,200 

1,900 

16,700 

7.400 

6,900 

[ Kg./cm.® 


for our standard cellulose acetate, celluloid and two other less highly 
plasticised cellulose acetates are given in 
Table IV. 

It will be seen that E falls as the 
temperature is raised, but that with the 
harder materials, the changes are not 
large. These therefore fall in line with 
the view that the ideal elastic type of 
deformation is not strongly affected by 
temperature changes.In the case of 
the softer material it is possible that a 
small part of the non-ideal extension be¬ 
come very quickly reversible at higher 
temperatures and is therefore included in 
measurements intended only to cover the 
ideal Hookean deformations. In general 
the region of the borderline between the 
ideal and the non-ideal extensions has 
not been thoroughly examined in these 
experiments. 

The differences between these figures 



Tistpiece. 

Fig. 6 .—Diagram illustratiiig 
the pendulum used for lie 
fast extension of smaJl test 
piecee. 


‘•Tuckett, S.C.I. PlasHcs Grmp—Faraday Soc. Symposium, London, Feb. 
1943, In the press. 
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and those previously given ® arc due to the use of fresh materials. 
The cellulose acetate here is identical with that used in Fig. 4. 

The Measurement of Fast Extension.—One of the disadvantages ol 
most impact tests from the theoretical point of ^'icw lies in the com¬ 
plexity of the geometric conditions involved. They could only be related 
to the known mechanical properties of materials by carrying out very 
difficult and complex integrations. For this reason a simple pendulum 
was set up which could be used to extend a simple test piece along its 
length with a known velocity. It is illustrated in Fig. 6. 

Experimental. 

The test piece was attached to two light clamps, one of which could 
be fixed firmly to the base of the pendulum stand and the other fitted with 
t-wo side arms which engaged the arm of the pendulum as it fell. In use, 
three or four experiments were carried out with the test piece in position 
and a similar number with the clip alone. The difference in the energy 
taken up in the two groups gave that due to the test piece and it could 
then be calcu¬ 
lated in terms 
of Kg.-cm. per 
ccm. of test 
piece, assuming 
that only the 
thin part of the 
test piece took 
part in the ex¬ 
tension. This 
assumption, to¬ 
gether with the 
probability of 
energy being dis¬ 
sipated through 
the clip and 
pendulum arm, 
means that the 
results obtained 
will be maxi¬ 
mum values. However, even with this limitation they have a considerable 
interest. 

Most of the figures in Table V illustrate the characteristic property 
of these materials of absorbing more energy as the rate of extension is 
decreased. In one case only (methyl methacrylate 31-5 %, dibutyl phthal- 
ate 8-9® C.) is there a sharp transition from a low ener^ absorption to a 
high one. This is partly because of the limited range of the pendulum, 
but it is not to be assumed that all materials show such a transition. 
Indeed, the figures for celluloid indicate that it is equally possible for the 
work absorption to increase steadily as the velocity is reduced, a property 
which may be due to the operation of either or both of two causes. 
Firstly, there is a high value of the Ideal Hookean Work, which allows 
of varying non-ideal extensions while it is being taken up, and secondly, 
unlike those for methacrylate or cellulose acetate, the strain-time curve 
of celluloid is markedly convex and shows no increase in rate of ex±ension 
as the strain increases. It could, therrfore, easily be assumed to break 
at any point after the initial impact. In such a case F, could only be 
defined within a certain range of velocities. 

The results obtained from the pendulum extensions must be examined 
not only from the qualitative but also from the quantitative angle, with 
a view to find in g how they compare with the predictions from slow ex¬ 
tensions. Such a comparison is given in Table VI. 


TABLE V. — The Work Absorption of Materials 

SUDDENLY EXTENDED BY A PENDULUM AT DIFFERENT 

Velocities in Kg. cm./c.c. 


Materials. 

Reduced Velocity of Inugiat. ciu./ser. 
per cm. of test piece, i,e. sec.-‘. 

63 . 

93 . 

180. 

350. 

Cellulose acetate, 130® C. . i 
Methyl methacrylate 

160 

130 

- 

130 

35 % D.B.P. IS® C. 

10-20* 

10-20 

— 

— 

31-5 % D.B.P. 8-9® C. . 

230 

170 

20 

20 

31-5 % D.B.P. 14® C. . 

■— 

260 

260 

330 

CeUuloid 16® C. 

133 

II6 

84 

84 


♦45 sec.-^ not 6s sec.-^. 
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Clearly the values for the Critical Impact Velocity, based on extra¬ 
polation Ironi slou cxtcii'-ions, are quantitatively wrong by at least a 
tactor of ten. At the same time the qualitative prediction of a higher 
critical clocity for cellulose acetate than methyl methacrylate is confirmed. 

Stimewhat more importance attaches to the actual values for the energy 
absorbed. Here, the high dcgiee ot work absorption, which was predicted 
trom the high extensibility ol methacrylate, is actually found. The 
hgu^os lot celluloid and ctllulosc acetate also fall well within their possible 
values linvnig regard to the maximum character of the results given by 
the pendulum, ft is therefore concluded that the conception of Ideal 
Total Work oilers a basis for relating the quantities of work taken up by 
various materials when tested under the most favourable conditions, 

A Falling Bolt Impact Test.—A common tyqie of test is that in which 
a falling object is allowed to impinge on a piece of material and the height 
where piercing or breakage occurs is determined. Such a test, though 
geometrically more complex than the pendulum, has a certain advantage 
in that the energy is transmitted directly to the material without inter¬ 
vention of moving parts. 


TABLE VI.— Comparison of Impact Properties obtained by Direct 
Experiment and by Extrapolation from slow Extensions. 

(fl) Critical Impact Velocity. 


Material. 

Vi from Direct Moa^uroioeats. 

Vi Extrapolated. 

Cellulose acetate 

>250 sec.-^ 13® C. (initial temp.) 

10 hec 20° C. 

Methyl methacrylate, 
25%D.BP. 

< 45 sec.-^ 12° C. 

I sec.-i 26° C 


(6) Work Absorption. 


Material. 

Work Absorption Found. 

Ideal Total Work. 

Cellulose acetate 

130-160 Kg. cm./c.c. 

120 Kg. cm./c.c. 

Methyl methacrylate 

260 Kg. cm./c.c. 14® C. 31-5 % 

> 550 Kg. cm./c.c. 


D.B.P. 

26® C.. 28 % D.B.P. 

Celluloid . 

80-130 Kg. cm./c.c. 

210 Kg, cm./c.c. 


In addition, the material is broken at the centre with the consequent 
elimination of the edge variations, which normally cause irregular results 
in the breaking of celluloid. This test was carried out using a 0*336 Kg. 
bolt falling on a circular diaphragm of material 5-8 cm. in diameter and 
0*05 cm. thick. 

Impact by Bolt Falling on Circular Lamina ( 15 ®- 18 ° C.).—The bolt 
(0*336 Kg. unless otherwise stated) was allowed to drop on to the centre 
of the circle of material clamped at its edges. * 


Material. 

Tbidkness. 

Height just to orack. 

Celluloid. 

0*0485 cm. 

117-132 cm. 

Cellulose acetate ..... 

0*051 cm. 

93 coi. 

Methylmethacrylate approx. 26 % D.B.P. 

0*04-0*06 cm. 

35-40 cm. (o*22 Kg.|. 
13-15 cm. (0*645 Kg.). 


It win be noted that these tests give a low value for methacrylate and 
a high one for celluloid which, on tl^ occasion, appears “ stronger ** than 
cellmose acetate. 



R. N. HAWARD 


37y 


Discussion. 

( 1 ) The Limit of Extensibility.—One of the more important pro¬ 
perties of the non-ideal clastic extension is that of having a limit of 
extensibility characteristic of the material. The \'iew tliat cellulose 
acetate had a limit of strain equal to o-6 was put forward by Poole 
who carried out experiments on the deformation of a cellulose acetate 
gel in benzyl alcohol. On the other hand, rubber can show strains of the 
order of 7-8 and the methacrylate films described in this paper probably 
have a limit intermediate betw'een these two figures. These variations 
can be logically explained on the assumption that they arc connected 
with the flexibility of long molecular drains. Where the chain contains 
many single linlcages able to rotate freely, the molecule tends to take up 
a strongly kinked configuration which is capable of a high degree of 
elongation. Where impeded rotation, or rings preventing all rotation, 
are present, the molecule is strung out in a linear configuration which 
cannot be so considerably elongated under stress. If this theory is 
correct, the same considerations should apply to solutions, and high values 
of the Staudinger constants for cellulose compounds should be obtained. 

( 2 ) The Time Factor in Extension and Rupture.—In the above experi¬ 
ments it has been shown that, if the conception of Critical Impact 
Velocity is added to that of a limit of extensibility and an Initial Cohesive 
Strength, then there exists the possibility of bringing the fast and slow 
deformations of plastic material into a single picture without obvious 
contradictions. In this way some of the difficulties associated with such 
conceptions as that of the “ Tensile Product may be overcome. On 
the other hand, apart from the extension limit, it has not, so far, proved 
possible to relate the properties of the tough plastics to the particular type 
of molecular chain. Instead, attention Ms been directed to the relation 
between the mechanical properties themselves, and in particular to the 
relation between deformation and destruction as recommended by 
Gurevich and Kobeko.^* The effects of temperature and variation in 
the quantity of plasticiser on extension have also been investigated, and 
the results are in general agreement with those of Alexandroff and 
Lazurkin.*® 

An important outcome of these results is similar to that suggested by 
Kemp, Malm and Winspeax who emphasized the need for studying 
stresses under varying t37pes of service conditions. It would appear that 
there is no such property as a generalised impact strength. For instance, 
considering celluloid, cellulose acetate and plasticised methacrylates with 
25-32 % (hbntyl phthalate, there are six mathematically possible per¬ 
mutations in which these materials may be placed. Three of them have 
been obtained in the very limited impact tests used in this paper, and 
there does not appear to be any cond.usive reason why the other three 
should not be obtained in other tests. However, this is only an extreme 
case of the reversals of relative order with a change in the mode of testing, 
which have already been noted by Couzens.*^ It follows that since more 
than one property may be measured in a given test, the test itself should 
be related to the properties and types of stressing which occur in use. 
In this connection further correlations between experience in testing and 
service of the type carried out by Bums and Wering may prove to be 
valuable. 

In general, a greater knowledge appears desirable of the stresses and 
more particularly the times involved in various t3npes of shock. It may 

Poole, Trans. Faraday Soc., 1935, 21, I 9 - 
J. Behre, Proc. Conf. Rubber Tech,, London, 1938, 

Gurevich and Kobeko, J. Tech. Phys, U.S.S.R., 1940, 9,1267. 

Alexandroff and Lazurkin, Ada. Physiccchim. U.S.S.R., 1940, 12, 647. 
Couzens, J. Soc. Chem. Ind., X940, 59, 209. 

Bums and Wering, A.S.T.M., 1938, 38, 39. 
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well transpire that these differ markedly in different cases, as for example, 
the falling of a moulded article, the impact of a moving object or the 
penetration of laminated glass, and that, in some cases, additional pro¬ 
per-ties such as the specific gravity are involved. When an analysis of a 
particular type ol shock condiiion is available, it should be possible to 
design one or more tesis which will fully anticipate the conditions of 
ser-vicc. In all probability it will be found that considerable empirical 
progress has alreacly been made in this direction. At the same time it 
appears desirable Lo build up a knowledge of the behaviour of materials 
under the whole range of possible stresses so that the potentialities and 
limitations of any particular product may be fully understood. 

Summary. 

It is suggested in a theoretical discussion that the -work taken up 
by any material under impact may bo governed either by the rate at -which 
deformation can take place or by the amount of possible deformation. 
The results of fast and slow extension experiments are examined and it 
is found that in this -way apparent contradictions can be resolved. 

Experiments are carried out on the extension and breaking of cellulose 
acetate film at different temperatures and it is concluded that temperature 
changes during adiabatic extension will not be so large as to alter funda¬ 
mentally the character of the deformation. 

The work absorption of different materials under changing conditions 
of testing varies both relatively and absolutely, and the validity of a 
generalised impact strength is questioned. A more precise formulation 
of shock conditions appears desirable. 

I am indebted to Dr. R. F. Tuckett for much helpful advice in con¬ 
nection -wi-th the presentation of this -work, and to Messrs. Colmore 
Adhesives Limited for permission to publish. 

Team Valley Trading Estate, 

Gateshead-on-Tyne xi. 


KINETICS OF THE OXIDATION OF ORGANIC 
COMPOUNDS BY POTASSIUM PERMANGAN¬ 
ATE. PART VI. BENZALDEHYDE. 

■ By F. C. Tompkins. 

Received n^th April, 1943 . As revised xgth August, 1943 - 

It has been, shown previously ^ that permanganate may oxidise by 
-two different processes, ei-tJaer (a) by the MnO/ ion directly reacting -witii 
the reducing agent, or (6) indirectly by the formation of the intermediate 
Mn**" ion. The latter mechanism is characterised by an initial induction 
period, but when the former is operative, the reaction is kinetically of the 
second order, the acti-vation energy is less than in the latter process, and 
the reductant should possess a labile hydrogen atom. It was therefore 
anticipated -that benzaldchyde would be oxidised by a bimolecular 
mechanism and that intermediate manganese ions would be ineffective, 
A pre-vious study» of the reaction of permanganate -with benzaldehyde. 
ace-taldehyde and formaldehyde in very dilute solution in presence of 

^Alexander and Tompkins, Trans. Faraday Soc., 1939, 35,115O ; J. South 
African Chem. Inst., 1940, 33 {2), i. 

®Mann and Tompkins, Trans. Faraday Soc., 1941, 37, 201. 

®Seij6e, Anal, assoc, quern. Argentina, 1923, n, 15: A.C.S. Abstr., 1924, 

* 8 , 3517- 
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sulphuric acid, however, suggests that the process in each case is mono- 
molecular. It is unfortunate that this paper is not hero available since it 
appears to conflict with the work of Holluta * who finds a second order 
reaction with formaldehyde in neutral solution. A re-oxamination of 
the oxidation of aldehydes is therefore n(x:essary not only in \’iew of these 
inconsistencies but also in obtaining further evidence in support of the 
theory previously put forward.^ 


Experimental and Results. 

The reaction of iodine with benzaldehyde was found to be sufficiently 
slow as to render any error negligible and there was little reaction in 
neutral solution between the manganese dioxide formed and the aldehyde. 
Consequently the iodometric method previously adopted has been used. 
Merck's benzaldehyde was used throughout after redistilling in an atmo¬ 
sphere of nitrogen. Known quantities were weighed by means of a pykno- 
meter, transferred to a suitable volume of oxygen-free water and stored 
under nitrogen. The concentration was checked by using the method 
of Donnally * which is accurate to i %, even without correction for the 
dissociation of the aldehyde-bisulphite complex, and which thus formed 
a convenient method of confirming the purity of the aldehyde. The 
reaction proceeds in neutral solution according to the equation 

2Mn04' -I- aCgH^CHO {+ H^O) sCbHbCOOH + 2MnOa -f- 2OH', 


since when a solution of the aldehyde of 0*0198 m. was allowed to react 
with a slight excess of KMnO* at 50® C. for 15 minutes and the excess 
oxidising agent estimated iodometrically, the strength of the solution was 
found to be 0*0195 m*> after a correction had been applied for the sub¬ 
sequent slow oxidation of the benzoic acid formed. Because of the 
atmospheric oxidation of the aldehyde, particularly in presence of tri- 
manganic salts, the reaction mixture was maintained under nitrogen 
during any run. 

A series, in which variable concentrations of benzaldehyde were used 
with a constant concentration (0*000766 m.) of KMnO^ in neutral solution 
at 30*30 ±o*o2®C., 

is briefly summar- TABLE I 

ised in Table I, 

where initial vel- .\I 1 . CeHsCHO. initial Rate. Rate/aa.C*H»CHO. 

ocities are given in _ 

terms of ml. n. 


thiosulphate per 
minute and the 
concentrations of 
aldehyde in ml. 
0*0236 M. in a total 


10 

0*189 

15 

0*280 

so 

0*576 

45 

0*860 

60 

1*18 


0*0189 

0*0187 

0*0192 

0*0191 

0*0197 


volume of 250 ml. 


The rate of oxidation is thus directly proportional to the concentration of 
benzaldehyde. A similar series with constant aldehyde but variable 


permanganate concentrations shows that the reaction is also first order 


with respect to the oxidising agent, as has been found in all oxidations 
so far studied. The rate-determining process is thus probably due to 
bimolecular collisions between the aldehyde molecule and the permanganate 
ion. Some confirmation of this is afforded by the addition of Mn** ions 
in the presence of sulphuric acid, which assists the formation of inter¬ 
mediate Mn** (and Mn****) ions. A fall in the initial rate of oxidation 
which was approximately proportional to the Mn** concentration due to 
the removal of MnO*' ions ^ was foimd. The approximate nature of the 
results is due to the catalytic effect of the intermediate Mn ions on the 


* Holluta and Mutschin, 2 . physih. Cfiem. A, 1930, 150, 381. 
® Donnally, Ind. Eng. Chem. (Anal. Ed,), 1933, 9 i* 
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Cannizzaro reaction, which occurs simultaneously. Similarly, the ap¬ 
plication of the ■ffl.Tnilia.T second-order expression, applied to one of the 

runs givCvS constant 
TABLE II values for theveloc- 


Time in Mui, 

ml. N. Tliiosnli»h. 


z 

0-0250 

0-00230 

4 

0-0481 

0*00228 

6 

0*0690 

0-00230 

8 

o*o88r 

0*00230 

10 

0*106 

0-00231 

12 

0-123 

000235 

t 4 

0-141 

0-00240 

16 

0-156 

0-00242 

20 

0-183 

0-00245 

2 + 

j 0-206 

0-00247 

30 

0-231 

0-00247 


Temp. 30-30“ C. 30 ml. 0-236 m. C^HjCHO ; 10 ml- 
0-194 m total volume of 250 ml. 


iiy constants, k. 

The slipfht in¬ 
crease in k with 
time is due to the 
simultaneous but 
slower oxidation of 
the benzoic acid 
produced ; it is 
therefore more 
marked in solutions 
where there is a 
large excess of 
KMn04 present. 
When the aldehyde 
is in large excess, 
however, the con¬ 
stants fall with 
time due to its 


removal by the Cannizzaro reaction, which depends on the square ol 
the aldehyde concentration and which is promoted by the presence of 
oxidising agents.® Consequently all velocity constants given here have 
been extrapolated to zero time. This -value (*o) at 30*30° C. is 20-4 l./g. 
mol./min. which is of the same order as that found in the formate oxidation 
(54-'0 at 31-42° C. in the same uni-ts). The variation of Ao ^vith temperature 
is summarised in Table III. At the higher temperatures, the reaction 
mixture was quickly cooled to avoid errors due to the volatilisation of 
iodine during titra¬ 
tion. The Arrhenius TABLE III 

equation is obeyed 
and the heat of acti¬ 
vation is found to be 
11,800 cal. 

Since aldehydes 
normally show more 
pronounced reducing 
properties in alkaline 
solution, the in¬ 
fluence of var3dng 
co^ncentrations of 
NaOH has been 
studied. The nature of the rate-determining process appears to bo 
altered since the values of k, based on the second order equation, de¬ 
crease rapidly with time, particularly at the higher ‘pK values ; ka, how¬ 
ever, increases with increasing OH' ion concentration. This accelCTation, 
whether calculated from the initial slopes of the oxidation curves or 
taking -the Ao values, is a linear function of the OH' ion concentration 
(if this is less than 0-15 n.) as shown in curve {a) of Fig. 1. Above this 
concentration a deep blue colour, largely masked by the permanganate 
colour, and a preedpitatLon of mangan^e dioxide are apparent after a short 
period even in absence of the aldehyde, and in -this region the increased 
rate is greater than corresponds to direct proportionality. 

When the pis. of the solution is decreased by the addition of acids the 
value of *0 progressivdy increases while h now increases fairly rapidly 


Vel. Const, at Zero Time 
(g. mol./l./mm.). 

Temperalurr 

'’C. 

15-5 

26-70 

20-4 

30-30 

22*6 

31-12 

29-7 

35-85 

37-1 

40*45 

48-0 

45*63 


Kharasch, /. Am&r, Chem. Soc,, 1935, 57,1510. 
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with time, particularly at low ^h. In Table TV is a summary of at 
various values of 
pii, which 
varied both by 
the addition of 
sulphuric acid 
and perchloric 
acid and mea¬ 
sured by a glass 
electrode. 

The conclu¬ 
sion is irrespec¬ 
tive of the 
nature of the 
acid and, as 
shown in curve 
(6), Fig, I, where 
for convenience 
log (H*)isplottGd 
against 
log 

the relation is 
well expressed by the equation 

log kf, = i*i8 log (H*) -H 2-26. 

Discussion. 

The oxidation of benzaldehyde by potassium permanganate in neutral 
solution follows the second order equation. The subsequent oxidation 

of the benzoic acid 
TABLE IV produced, which has 

a rate constant of 
only 1*97 X lo-* 
l./g. mol./sec, at 
23® C. ® as compared 
with 3*40 X lo-i at 
30-30® C. for ben¬ 
zaldehyde, is negli¬ 
gible in the initial 
stages of the ireac- 
tion but becomes 
important as the 
reaction proceeds, 
particularly when 
a large exce.ss of 
permanganate is 
present. The bimo- 
lecular character is 
confirmation of the 
theory proposed 
previously since it 
is clear that the 

^ polax effect of the 

phenyl group and of the carbonyl group will combine to weaken the 
C—H link. The oxidation likewise proceeds with the lower activation 
en^gy of 11,800 cal. and is to be compared with those obtained in the 

»Weiss, Trans. Faraday Soc., 1941, 37, 782. 

8 Hinshelwood, J,C.S., 1936, 368. 


Pn Valu«s8, j 

Ao Values. 

HCIO,. 

HaS04. 

Hao*. 

H^O*. 

4-ro 

4-10 

X 9 -I 

19*0 

— 

3-G5 

— 

26-2 

— 

3-27 

— 

27-5 

3-11 

— 

30-9 

— 

— 

3-O7 

— 

36-8 

2-30 

■— 

37*1 

— 

— 

2-27 

1 — 

40-0 

— 

2-07 


49*4 

— 

i'(>7 

— 

55*0 

1-28 

— 

‘ 64*5 


— 

1*00 

— 

67*9 

0-98 

1 — 

72-0 

— 

— 

0*69 

__ 

go-9 

0-68 

1 — 

I 80-3 

— 

0-41 

— 

93*6 

— 


0-40 


94*8 



Fig. I. 
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other bimolecular oxidations "with permanganate, vU., formic acid 
(i2,ioo),^>* benzoic acid (12,700),* and picric acid (12,200).*. The 

closeness of these values suggests that the rate-determining process in all 
these oxidations is of the same general type. The application of molec¬ 
ular statistics to the formate oxidation gave good agreement between 
the experimental and calculated rates when the usual expression 

fto -= iVo/looo . at.(87rf2T(T/Afi + t/Jlfa)S 


was employed. In the present reaction, using as before a value ol 5 "a. 
for oii, the calculated rate at so-so" C. is 2-49 l./g. mol./sec. as compared 
with the experimental one of 0-34 in the same units. The agreement is 
good in view of the uncertainty in the value of cr^j and of the probabihty 
ol there being necessary a specific orientation in collision because one 
reactant is a fairly large and as3mimetric molecule. Such orientation, if 
present, would be much smaller in the case of the formate ion. It is clear 
that solvent molecules do not enter into ternary collision with the solute 
molecules as has been suggested in oxidation of the picric acid.^® The 
values of Aq have been shown to increase linearly -with OH' concentration 
if this is less than 0*15 n. This effect may be due to the production of 
the manganate ion which oxidises the aldehyde at a faster rate than does 
permanganate. The amount of the former in solution can be calculated 
Irom the e.m.f. data of Sackur and Targener when an equilibrium con¬ 
stant K — = 53-1 IS obtained. Departure from linearity 

(Fig. i) is found between 0-15 and 0-30 n. alkali when — 330 

(MnO/')*' 

and 81 respectively. Below 0*15 n. the linear increase is therefore not 
due to manganate formation, but the additional acceleratory effect at 
higher pK may be accounted for by tifcie production of this ion. This is 
supported by the darkening of the permanganate colour caused by the 
appearance of the green manganate, which, as expected in dilute alkaline 
solution, subsequently decomposes to form a precipitate of MnOa, even 
in absence of ihe aldehyde. The transient presence of the bnght blue 
mangani-manganate is unlikely since this is normally not obtained in 
alkahcs of strength less than 4 Moreover, Holluta finds that this 
complex causes a retardation, and not an acceleration, in the HCHO/ 
manganate reaction because its .stability is increased by increasing j&h. 
According to work of Conantthe acceleration of the oxidation of alde¬ 
hydes by dilute alkalies is a general feature and not dependent on tire 
nature of the oxidising agent. It is therefore believed to be due to the 
formation of the “ aldehydate ” ion, wluch is oxidised more rapidly than 
the CoHjCHO molecule. Holluta,** how'over, advanced the same theory to 
explain a retardation caused at higher OH' ion concentration in the 
HCHO/manganate reaction. He assumed the production of the HaC(OH) 0 ' 
ion which, he suggested, was oxidised more slowly than the HCHO mole¬ 
cule. This, however, is not in keeping with the fact that aldehydes in 
general show quite definite reducing properties in alkaline solution, whereas 
the molecule has more of an oxidising character. The equilibrium 

RCHO-f OH'RC^H . . . («) 

RO 


• HiU and Tompkins, in ike press. 

Moclwyn-Hughes and Musgrave, Trans. Faraday Soc„ 1033, 20, 1162. 
** Hinshelwood, J.C.S., 1936, 368. 

** Sackur and Targener, Z. EUcktrockemie, 19x5, 18, 1718. 

** Holluta, Z. physih. Chem., 1923, 106, 324. * 

** Auger and Billy, Compt. rend., X904, 138, 500, 
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has been frequently assumed on previous occasions, and there is a certain 
amount of direct experimental evidence for it.^’ The equilibrium {a) 
accounts for the linear increase of A® with increasing OH' ion concentration, 
if we assume that the oxidation of the ion proceeds with a smaller activa¬ 
tion energy than that of the molecule. This seems probable because there 
will l>c a high electron density at the singly bonded oxygen atom of the 
ion ; this weakens the C—link by a mesomeric eflect and thus makes 
an attack by an electrophilic reagent, such as the MnO*'’ ion, energetically 
easier. Similar reasoning applied to the HCOOH/MnOi reaction will 
account for the more rapid oxidation of the formate ion as compared with 
the HCOOH molecule. The subsequent course of the oxidation would 
follow the same course as in the formate ion oxidation, i.e. 


/ 

+ MnO* CeHjCOOH + OH' + MnOs' 

\OH 


aMnOa' + HaO HMnOa' + MnOa + OH' . 

CeHeC^H + HMnO/ MnOa + CaHsCOOH -f 2OH' 
\OH 


{d) 


where the reaction (6) is rate-determining. Thus the overall rate would be 
A a == (MnO/)(CcHaCHO){OH') 


as found experimentally. 

Another mechanism is suggested by the work of Loew, Muller and 
others. Loew “ has shown that wh^ HCHO is treated with AgjO or 
CugO in alkaline solution, formic acid and hydrogen are formed and the 
amount of acid produced is in excess of that corresponding to the oxygen 
in the oxides. CuO, KgFe (CN)#, KaSjOs,'® and HjOa react similarly. 
Furthermore, Miiller obtained one molecule of acid and one equivalent 
of hydrogen for each farad in the anodic oxidation of CtHcCHO and 
CHaCHO in alkaline solution with Ag or Cu anodes. Molecular hydrogen 
is mainly formed in these experiments if the oxidising agent is present 
in excess. In the present work no evolution of hydrogen has been detected, 
nor is there any large discrepancy in the amount of oxidising agent used 
to the amount of aldehyde oxidised—this, however, need not exclude 
the following mechanism 

CeHoCH(CO)0' -f MnO*' -> QHgCHCOH)© -f- MnO/' 
CflH 6 CH( 0 H )0 - QHsCOOH + H 
H -f MnO/' OH' H- MnO*' 

and the MnOa' ion reacting as previously. By analogy with the formate 
ion oxidation, where the activation energy differs only by 300 cal. and 
where no hydrogen formation is found, the former mechanism appears 
more probable. 

According to the equation Ao = (MnO^') (CeHBCHO)(OH') the value 
of A should increase as the oxidation process because of the production 
of OH' ions. The reaction is, however, complicated by the oxidation 
of " aldehydate " ion by the aldehyde molecule (Cannizzaro reaction). The 
aldehyde concenti'ation used in the bimolecular expression is deduced from 
the loss of oxidising power of the KMnO* and will thus be in excess of 
that actually present. The calculated k value must necessarily fall. 

H6rold, Z. physih. Chem, F, 1933, 18, z66. 

18 Loew, Ber,, 1887, 30 , 144. 

18 Muller, Ann. Chem., 1920, 420, 241. 

*8 Geisow, Ber., 1904, 37, 515. 

SI Lyford, J. Amer. CJtem. Soe., 1907. 29, 1227. 
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This should be most evident at high pn and with excess aldehyde since 
the Cannizzaro reaction is kinetically of the third order,®® i.e. its rate = 
k (CflHftCHO)® (OH'). An attempt has been made at an approximate 
correction and such a correction does give a much less rapid decrease 
of k. Experimental confirmation, however, is not easy because of the 
difficulty of analysis of orj»anic substances in presence of inorganic com¬ 
pounds, and because the velocity constants used are too small due to the 
catalytic eltect of oxidising agents ®® on the C'annizzaro reaction. 

The effect of the addition of acids in increasing Aq is shown to be due 
solely to the effect of the hydrogen ion and not to the undissociated 
molecule, or its anion as in the acid catalysis of acetal formation,since 
it is independent of whether perchloric acid (wluch forms no complex) 
or sulphuric acid (which forms the complex Mn(S04)a. sHaO' ®®. is 
used. The formation of the enolic form is unlikely since the aldol con¬ 
densation is not found with benzaldehyde and also the oxidation is still 
very rapid in 2 m. sulphuric acid, where the amount of the enolic form 
must be minute. Moreover, no simple relationship exists between Ao 
and the pH as would be expected by tMs theory. Similar results to those 
recorded here have been obtained in the oxidation of the formate ion by 
permanganate in alkaline solution by Holluta,®’ who suggests that there 
must exist some relation between “ the oxidising power and oxidation 
potential on the one hand and the velocity of the reaction on the other." 
This possibility has been studied in some detail by Conant et alia ®® 
who showed that the speed of certain irreversible oxidation was a function 
of the apparent oxidation potential (A.O.P.) of the oxidising agent. 
Permanganate, however, was not studied, since with aldehydes the re¬ 
action “ was too rapid and had peculiarities of its own." In this theory 
it is necessary that the primary step should involve two equivalents of 
the oxidising agent and that the rate should be monomolecular with 
respect to the oxidising agents, as is found here. In such circumstances 
the predominant factor in determining the rate is the A.O.P. of the 
oxid^ng agent. It must be emphasised, however, that there is no reason 
to suppose that the rate will always be some function of the potential 
since some specific property of the reagent may be more important. Thus 
the effect is not found in alkaline solution where the aldehyde ion is the 
reducing agent nor in the oxidation of the formate ion in acid solution.’ 
It follows that there must be a reversible step {e) which precedes a slow 
(rate determining) irreversible reaction (/). Thus in the present reaction, 
this would be 

QH5CHO -f- MnO/ -> CeHsO—O 

NoMnO/ . . («) 

followed by the breakdown of the complex 

C,H.C^O CeHsCOOH-H MnOa' . . . (/) 

NOMnO,^ 

The subsequent fate of the MnO,' ion is as before 

2 Mn 03 '-f-H,0HMnO/+ OH'-f-MnOa . . (c) 

HMnO*' + C,H»CHO QHsCOOH + OH' + MnO*. . (g) 

“* Birstein and Lebanow, Z. ayiorg. Chmi., 1927, i6o, 377. 

®® Unpublished expts. of Weiss, ’; ». also “. 

** Adkins et alia, j. Amer, Ckem. Soc., 1922, 44, 2740 ; 1923, 45. 1552. 

“Ubbellohde,/.C.S., 1935. 1605. ^ 00 

*• Tompkiixs, Trans, FwaAay Soc,, 1942, 38, 131. 

HoUuta and Mutschin, Z. physih, Chem. A, 1930, 15O, 381. 

•• Conant et alia, J, Amar. Chem. Soc., J930, 52, 409 ; 1928, 50, 2783 ; 1926, 
4 o» 3178, 3220. 
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The formation of such a complex is similar to that suggested by Weiss ’ 
as the first step in the benzoin synthesis, and the mechanism is essentially 
the same as that previously proposed for the oxidation both of the 
“ aldehydate ” and of the formate ion. The effect of the decrease of 
ps. will be to increase the amount of the complex in {e), (thereby leading 
to a faster rate in the irreversible step (/)), since increasing acidity will 
cause a rise in the A.O.P. of the permanganate. Conant has given linear 
plots relating the A.O.P. and the hydrogen ion concentration, and the 
.slope of these was lound to be independent of the nature of the oxidising 
agent. Using his fundamental equation for aldehydes 

E = E^-\- Q‘Qo^T log . 0-01 }ko 

where E is the A.O.P., and £0 the normal oxidation-reduction poten¬ 
tial of the oxidising agent, and the average slope of his experimental 
log (H*)/£ plots, which for acetaldehyde and formaldehyde is —10 and 
for 01- and ?so-butyraldehyde is — 7-8, we obtain the equation 

o-oo3r log A’o == 0'ii2 log (H*) 4- const. 

The slope of curve (6) in Fig. i here should thus be — ^'^3 

at 30® C., i.e. 303® A. whereas the experimental value is i*i8. The agree¬ 
ment is bettor than can be expected since an error of 5 niv. in the e.m.f. 
method of Conant would lead to an error of 20 % in the value of fto* It 
can be anticipated that a similar value would be found in the oxidation 
of other aldehydes by KMnO^, since there is no reason to suppose, from 
Conant’s results, that their specific properties will be more important 
than the A.O.P. in the determining rate. 

Work is being continued along these lines with other aldehydes. 

Summary. 

The kinetics of the oxidation of benzaldehyde by potassium per¬ 
manganate h^ been investigated. In neutral solution it is kinetically of 
the second order, with a velocity constant of 0-34 l./g. mol./sec. at 30-30® C. 
and an activation energy of 11,800 cal. in the temperature range 26*70- 
45.63® C. In alkaline solution the bimolecular rate constant (A) falls 
with time, but the extrapolated values for zero time (Ao) increase linearly 
with the OH' concentration up to 0-15 n., when an additional acceleratory 
effect due to manganate formation is observed. The hydroxyl ion reacts 
with the aldehyde to form the “ aldehydate ion ” which is more rapidly 
oxidised than the molecule. In acid solution, A increases with time and 
Ao depends solely on the H’ ion concentration according to the equation 

log Ao = i-i8 log (H-) + 2*26. 

This is interpreted in terms of the theory of apparent oxidation potential 
of Conant. This potential is related to the rate, and good quantitative 
agreement is obtained between values found here and those which can 
be calculated from his experimental results. Mechanisms similar to that 
suggested in the formate ion oxidation are found to be applicable and the 
theory previously proposed in this series has been confirmed. 

Naial University College, 

University of South Africa, 

Natai, South Africa. 



ARRANGEMENT OF DOUBLE MOLECULES ON 
A LATTICE. 

Cy S. K. Kao and T. S. Chang, 

Received August, 1943. 

The number of ways g{N, \NQ) of arranging IN 6 double particles on 
a lattice of N points with each particle occupying two adjacent points 
was first investigated by Fowler and Rushbrooke,^ who succeeded in getting 
^e number Lot 6 o. i. Soon after their work, one of us obtained an 
approximate formula ® valid for all values of d by studying the adsorption 
of double molecules upon a solid surface, calculating the equilibrium 
conditions by a method due to Bethe and Peierls ® and deducing there¬ 
from the desired number. The result is 

N-i log g{N, INQ) =- ilz - e) log s+l{s- d) log {z - d) 

- leiog e - ~ 6) log (1 - B), (1) 

where ja: is a number belonging to the lattice denoting the number of 
nearest neighbours surrounding a site. The validity of this approximate 

formula has never been 
quefjtioned and its investiga¬ 
tion is the purpose of the 
present paper. 

Our investigation falls 
into two parts. Firstly, 
since the validity of Betho’s 
method depends upon how 
quickly the results obtained 
by using higher and higher 
approximations converge, 
we calculate the equihbrium 
properties oC the said adsorp¬ 
tion problem by employdng 
Betho's second approxima¬ 
tion instead of the first ap¬ 
proximation as was employed 
in ref. * and compare the 
corresponding results. If the 
results for g(iV, JJV^) obtained 
in the two approximations 
are nearly the same, it will 
be safe to assume that they 
are not far from the actual 
g{N, iNB), In the following 
c^cui^tions of the equi¬ 
librium properties of the 
adsorption problem, we re¬ 
strict ourselves to cases 
where the sites of accom¬ 
modation lie on a lattice of 
simple cubic system (§ i), 
and on a (i, o, o) section of 

1 Fowler and Ru^brooke, Tmns. Faraday Soc., 1937, 33 » 1272* 

• Chang, Proc. Roy. Soc., A, 1939, 169, 51*. 

* Peierls, Free. Comb. FhU. Soc., 1936, 33s, 471. 
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Curve (a) log (A,/Ao) against 6 , 6 , 

it) log (Aj/Afl) against 8 , z = 6 , 

(c) log (Ai/Ao) against 8, z ^ 4, 

(d) log (Aj/Ao) against 8 , z^ 4. 
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the same lattice (§ 2), with z taking therefore the value 6 for the first case 
and the value 4 for the second. The results turn out to be nearly the same 
as those given by the first 
approximation. 

Secondly, wo may cal¬ 
culate g{N, IN6) rigorously 
for a lew simple cases lollow- 
mg a method developed by 
one of us,* and see lor such 
cases the extent to which 
g{N, INd) as given by (i) 
agrees with the actual 

im- 

The method enables us to 
calculate the asymptotic 
value of g{N, IN 9 ) and 
similar numbers as N ap¬ 
proaches infinity, provided 
that the N points lie on a 
number of parallel planes 
containing in each a small 
number of points. Here we 
consider the special case in 
which the N points are on 
two honzontal straight lines 
with points on the one lying 
on the top of those on the 
other. The agreement be¬ 
tween N-^log{N, IN8) ob¬ 
tained this way and the 
right-hand side of (1) is also 
satisfactory. 

1 . Adsorption of Double 
Molecules for 2 = 6. 

As always in the applica¬ 
tion of Bethe's method, we 
introduce a typical aggregate 
of sites. Let our chosen 
typical aggregate be a group of 25 sites, with one site in the centre and two 
shells of neighbours surrounding it, the first shell containing G sites and the 
second 18. Let he 3 or o according as the central site is occupied or not 
and let« bo the number of occupied sites in the first shell. The grand par¬ 
tition function for configurations with the numbers and « is * 

1(mo, 4- A£)i®-"+"o, . . . • (2) 

where n) is, for a given «o snid n, the number of ways of arranging 
the molecules inside the aggregate, after ignoring altogether the presence 
of molecules whose one end or both ends are outside the aggregate, and 
the symbols A and £ have their minings given in ref.®. Formula {2) 
can be easily understood if we remember that 18 — « + «o is the number 
of sites in the second shell which are either unoccupied or occupied by 
molecules which are partly outside the aggregate. (This statement re¬ 
quires the assumption that sites in the first shell do not form nearest 

* Chang and, Ho, Proc. Roy. Soc., A, 1942, 180, 345. 

* interactions between ad^rbed molecules are assumed to be zero. 
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neighbours, which is evidently satisfied in the present case.) Writing 
« for and F(wo. «) for (2) we obtain as the equations for determining 
the fraction of a^orption 6 in terms of A 


02’F(»o, «) ■= i7«oF(»o, «) = «) 

«0t ^ 

= + • • (3) 


which expresses the fact that the probability of occupation is the same for 
all sites. Hence it remains to obtain f{Mo. «) by direct enumeration and 
solve for 6, The numbers n) are shown in Table I. With these 
numbers known, equations (3) can be solved. 


TABLE I. 


(«0,»). 

f. 

(»0i «)• 

! 

(»o. «)• 

f. 

|o, 0) 

I 

(0.5) 

12,282 

(t. 4) 

6.S52 

(Oi I) 

30 

(o, 6) 

8,875 

(L 5 ) 

1.5.25S 

(0. 2) 

303 

(t. I) 

6 

X. 6 

13,026 

(o. 3) 

2,09a 

1. 2) 

T50 



(0. 4) 

7,629 

(I. 3) 

1,380 




Equations (3) give in fact two relations between A and 6. Ignoring 
the last equality, we obtain a solution A « \{6), and equating ff2!F{nff, n) 
to SnFfS and Z{n — «o + €(^/b€)}F/i8 we get another solution A = Aa((?). 
The relation between A and $ as ^ven by the first approximation is 

X=^i0-e)i0ijz{i-e) .(4) 

Let us denote the right-hand side of the above equation by X^{9) and 
plot log Ai/Ao and log Ag/A® against 6. The curves are shown in Hg. i 
together with corresponding curves for z = 4, and there we see that the 
differences between Ai, A, and Aq are small. 

The number g{N, ^N$) can be obtained as usual from the formula 

ilogj(N,iOT) = -|%ogA{«)d«, . . . (5) 

and hence from Xx{9) and Ag( 5 ) we get two values for g{N, ^Nd), say 
gx{N, IN9) and gg(iV, iN9). Curves expressing the variation with 9 of 
log gi/go and log gg/gp. where N-^loggo Is given by the right-hand side 
of (1), are given in Fig. 2, together with corresponding curves for z ~ 4. 

2 . Adsorption of Double Molecules for 2 — 4. 

The calculations and formulae involved are exactly the same as those 
in the preceding section except that the number 18 in (2) is now replaced 

TABLE II. 



f. 

{»o,»)- 

f. 


f. 

( 0 , 0 ) 

1 

(0,3) 

84 

( 1 . 2 | 

30 

0 , 1 

Z2 

0 , A) 

47 

(I» 3) 

zoo 

(o, 2 ) 

50 

X. 1 

4 

( 1 . 4 ) 

84 
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by 8, numbers 6 and t 8 in (3) by 4 and 8 respectively, and the numbers 
f(«o. t3.ke the values shown in Table II. The results are given in Figs. 
I and 2. 

3 . Rigorous Value of g{N, ^NB) for z = S. 

In this section, we endeavour to find g{N, ^-Nd) rigorously for the 
case in which the N points lie on two horizontal straight lines, with the 
points on one of them lying on the top of those of the other. 

In ref."* it is proved that if in a certain arrangement of g kinds of par¬ 
ticles A, B, . . . on a straight line, we let n^, n-^, . . . denote the numbers 
of A, B, . . . particles, X^^q, . . . denote the 

numbers of pairs of neighbours of -fee t3rpe AA, AB, . . ., BA, BB, . . ., 
the function Aq, . . 17^, . . .), which is defined to be 

the summation of 

.( 6 ) 

over all such arrangements with no restrictions regarding the values of 
the »’s and the A’s, is a rational function of A's and i7’s, whose denomin¬ 
ator is the determinant 

I — . — f^’ 7 AQ 

— i^kVnK ^ ~ ... — ^Aq?7bq 

; ; ; • • ( 7 ) 

— ^^A‘> 7 ftA — ... I •— ^A(j 77 qq 

Now if, in a certain arrangement of a number of double particles on two 
rows of points, we let N denote the total number of points, n the number 
of double particles and X the number of pairs of neighbours formed by 
points occupied by two different particles, and if we let <P(^, A, rj) to be a 
function of i, A and rj defined as the summation of 

over all such arrangements with no restrictions regarding the values of 
JV, n and X, it is obvious from Cauchy’s theorem that the number of ways 
of arrangements corresponding to a given N, n and X, say g{N, n, X), is 

• • ■ («) 

with an obvious meaning for the path of integration. On the other hand, 
introducing figures 


O-r 

0 -*- 

(type A) 

+-0 

*-o 

(type B) 

! 

(typeC) 

•+-0 

X 

(type D) 

X 

><-0 

(typeE) 

o-> 

X 

o-*- 

■«-o 

X 

X 

o-^ 

.t-O 

o-> 

X 

(type F) 

(typeG) 

(typo H) 

(type I) 

(type J) 


where "x” represents an unoccupied point and " o " with an arrow an 
occupied point with the arrow pointing to the direction of that neighbour 
occupied by the same double particle, we see at once that A, 17) is 
nothing but the summation of 

^3i(n^+« B• +*'a)X** “B+” 0 ++" B+*B+**a) 

+XB0+-2COA+-^0O) + -2rBr+-3rBG+.<CoB'+^CQ 
X 9j^DA+J tjW) +jr3>r+J^HA+^B0 +Xbg+^HI +-^ia 

X0('*^AA+2fAa+-rAa> + -*-)+('*’BB+iE'Bl)+**') + “”*'C'^JB'‘"*"*’'^JI) • (^) 
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over vaxious axrangements of ten kinds of figures on a straight line, with 
no rastriction over the values of n and and hcuce can be obtained from 
(f, A’s, 9/’s) by performing a suitable replacement ot the variables. 
Our task is therefore to obtain A, 17) in this way and perform the 
integration in (8). The denominator of is in fact 

+ Afli 7 »(i+a) 4 -A< 2 V(i“-’?){ 2 (r+»?)+«{i+ 2 ’?) ^-a= 17 (I —1?—•>?») 

+aV(i“'>?)}+«®(r-'>7)(i+a-ai7){i?-«(i-i7)*(i+flfi?)}], (10) 

a being short for ^®Ai7, and the numerator will not be given since it does 
not affect log g(iV, w, X) if we do not want terms of the order unity in its 
expression (ref.*). 

Prom the definition of A, 17) it follows 

= . . (XX) 

The integration can be carried out as follows. First we transform the 
variables | and A to 6 and A where 6 = g*A; next we integrate with respect 
to A in the usual manner; and finally we integrate with respect to S by 
using the method of steepest descent due to Fowler ® (ref.*), after seeing 
that all the conditions for the applicability of the method are satisfied. 
In this way we get 

N-‘ log g(N, im = i(i - 9 ) log («) 

where b is the only positive root of the equation 

^ iTTF* I - b ■- &*• ' • * 

log g obtained in this 
way, and according to (1) 
with ^ put as 3, are plotted 
against B in Fig. 3. It can 
be seen that the agreement 
is good, particularly for 
small 0. 

No. (8) can be integrated 
in a similar manner. First 

Fio. 3. 

N”*log^ against 5 for lerr* 3, 
Curve (a) according to (i.!) 
and (13), 

(6) according to (i). 

we transform the variables 
A and 17 to a, A and 17 where 
a = \ next we split 

<P(a, A, 17) into partial frac¬ 
tions 

i«i,2A — A<(a, 17) 

plus a polynominal in A, 

and integrate with respect 
to A in '&e usual manner; 
and finally apply the 
• Fowler, Statisticai Mechanics, 1937. 
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method of steepest descent for the integration to a and ■>?. Since apart 
from the factor a - ( 4 -^ +1)17 ~ in + 1)^ the integrand in the last integration 
is merely the coefficient of A» - in <^{a. A, rj) vsrhich is essentially a series 
in a, A and 77 with positive coefficients, it must be a series in a and tj with 
positive coefficients. The first part in Fowler's proof for his theorem 
on the method of steepest descent can be taken over here with the result 
that the integrand in the last integration has one and only one minimum, 
say at a^, 17s, on the positive real axes of a and 77 inside fffie domain of its 
convergence. The integrand is 

77)[A,(a. »)a + -(X - jif+ i). . . (14) 

Since the two terms within the brackets in (14) are both raised to a power 
iN — n which is a very large number, one of them will be negligibly small 
compared with the ofher. Neglecting the presence of the smaller term 
in the neighbourhood of and -qa, we have tiie integrand in the form 
c{a. 77)A(a, -.7)i-is^-n + (X -ix+i), 

which shows plainly that the minimum cannot but be a sharp one (with 
second derivatives with respect to a and 77 of the order N or w), so that 
we can apply the method of steepest descent as usual. 

The result is as follows. For > n, let us find a and 77 which satisfies 
Ai > Aj and 

• • ■ > = - «) ‘“S K(<‘, r,) - iN log a-{X- m log ,} = o. (15) 

or which satisfies Aj < Ag and (15) with Ai replaced by A,. For < n, 
let us find a and 77 which satisfies Aj < A# and (15) or which satisfies Aj < Ag 
and (15) with Ai replaced by Ag. The existence of such a and 77 is ensured 
by the preceding discussions. Substitution into 

- i N log a ~ (.y - ^N) log 77 + Max [{JN - n) log A^, (IN - n) log AJ (16) 
gives us the required log g{N, n, X). 

An approximate formula for iST-i log g(N, iNd, X) deduced in an 
analogous manner to that of deducing (i) is * 

log — (-8- — l)d log -ar 4- ^(zy — 3 ) 91 og 2 

+ d(g ~ I) log (r ~ 1) 4 - (jr -- i)(i — S) log (i — 0 ) 4- ^{2z^3)B\og 

- (X{N) log (2XIN) - [(y _ i)fl z.x'/N] log i(z - i)e - 2 a:/N3 

- - (2r - i)« 4-2J*f/iV]log08r-(2^r-i)ff 4-a-X’W - • (i?) 


TABLE III. 



0 = 0*30. 



e => o-6o. 



Sa>0*90 


x/x. 

Iogj7 

from (16). 


x/x. 

logg 

from (zS). 

£com^ 7 )- 

X/X. 

logy 
from (16}. 

logy 

from (17}. 

0*0000 

0*1591 

0*1589 

0*000 


—0*1087 

0*750 

0*1619 1 

0 'i6j7 

0*00358 

0*1707 

0*1659 

0*100 

o*o6o2 

0*1261 

0*759 

0*1744 

0*1701 

0*0253 

0*1873 

0*1859 

0*182 

0*1953 

0*2111 

0*761 

0*1777 

0*1709 

0*0667 

— 

0*1967 

(m) 

0*230 

0*2344 

0*2383 

0*7714 


0*1726 

(m) 

0*0712 

0*1970 

(m) 

0*1966 

0*300 


0*2526 

(m) 

0*788 

0*1853 

(m) 

0*1693 

0*149 

0*1749 

0*1655 

0*3067 

0-2535 

(m) 

0*2525 

0*819 

0*1761 

0*1488 

0*248 

0*1034 

0*0360 

0-435 

0*2196 

0*1979 

; 0*867 

0*1401 

0*0814 

0*300 

0*0314 

—0*1139 

0*545 

0*600 

0*1390 

0*0627 

0*0510 

—0*1087 

0*900 

0-941 

—0*0144 


((m) denotes the maximum point.) 


• Chang, Proc. Camb. Phil. Soc,, 1939, 35, 265. 
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N-^ log g{N, IN8, X) obtained here for two rows of points, i.e. from (i6), 
will be given below for a few values of 8 and X/N, and ior comparison, 
values for the same 8 and XfN according to (17) with z put as 3 will also 
be given (Table ill). 

It may be pointed out lliat the allowable range of (X/N) for 0 0-30 

is according to l>oth the present method and (17) irom o to 0-03, that 
for 9 -=■ 0*0 Iroin 073 to o*y, while the allowable range of XjN for 6 -- o-bo 
is according to the present method from o-i to o-6 and according to (17) 
from o to 0-6. The agreement seems to be bad for intermediate values 
of 6, and for a given 8, at largo and small values of X/N. 

In conclusion, the writers wish to thank Professor Sir Ralph Fowler 
for his continued interest and help. 

Dept, of Physics, Central University, 

Shapingba, Chungking, China. 


THE REACTIVITY OF THE CYSTINE LINKAGE 
IN KERATIN FIBRES. 

PART IV. THE ACTION OF FORMALDEHYDE. 


By J. L. Stoves. 

Received bth July, 1943. As amended xst September, 1943. 

The reaction of HCHO writh the scleroprotcins is one of considerable 
interest, and in the case of collagen fibres numerous investigations have 
been made.^* * Keratin fibres, howevCT, have received much less atten¬ 
tion, and little is known of the mechanisms involved in the combination 
of HCHO with wool and hair fibres. One of the earlier investigations of 
the reaction was made by Trotman, Trotman and Brown * who estimated 
the amounts of HCHO combining with wool in acid and alkaline solutions. 
A more detailed study has been carried out by Bowes and Pleass ^ who 
examined the effect of ^11 and deamination on the combination of HCHO 
with collagen, hair, and silk fibroin. Clark and Shenk * studied the 
X-ray diffraction patterns of formalised gelatine, hair and silk. In all 
the proteins examined (with the exception of silk) definite changes in the 
X-my dia^ams were found after the materials had reacted with HCilO. 
The reaction of HCHO with feather keratin has been examined by 
Hegman * who concluded that at ordinary temperatures no HCHO reacts 
with keratin between 1-6. Apparent fixation of HCHO in this range 
was said to be due to bisulphite binding substances formed during the 
digestion of the protein,« plus residual free HCHO. From pn 6-8 reaction 
is said to be confined to the lysine present, while with low concentrations 
of HCHO the reaction above pn 8 is confined to arginine. Middlcbrook 
and Phillips ’ found that at 70® C., but not at room temperature, wool 
reacts with HCHO in solutions at j&h 5-6. Wool that has reacted with 
HCHO at 70® C. does not react with NaHSOj to give —SH and —S . SOjNa 
groups that are stable to water. It was concluded that the fractions of 
—S—S— sulphur in wool which react with NaHSOs to give water-stable 

* Bowes and Pleass, J. Int. Sop. Leath. Trades Chem., 1939, 23, 365, 451, 499, 

* Highberger et al,, J. Amer. Leath. Chem. Assoc., 1940, 35,11 ; 1941, 36, 271. 

® Trotman, Trotman and Brown, J. Soc. Dyers and Col., 1928, 44, 49. 

* Clark and Shenk, Radiology, 1937, 28, 355, 

* Hegman, J. Amer. Leath. Chem. Assoc., 1942, 37, 276. 

« Riesser, Hansen and Nagel, Z. physiol. Chem., 1931, 196, 201. 

’ Middelbrook and Phillips, Biochem, J., 1942, 36, 294. 



J. L. STOVES 295 

—SH and —S . SOgNa groups is also the fraction of the —S—S— that 
reacts with HCHO at pn 5-6 and 70® C. 

Technological aspects of the reaction between HCHO and keratin 
have been studied in connection with attempts to protect wool against 
damage caused by scouring with soap and alkali.® While more recently 
it has been claimed* that treatment of tooth brush bristles with 20 % 
HCHO in acid solution prevents hydrolytic “ wet breakdown.” 

Numerous statements in the literature suggests that HCHO in aqueous 
solution mainly exists as the monohydrate methylene glycol CH8(OH)a. 
Measurements of absorption spectra do not reveal the presence of the 
carbonyl type of absorption, 1° while the Raman spectra of aqueous solu¬ 
tions of HCHO correspond with those of ethylene glycols.^^ The excellent 
tanning eflect of HCHO in non-aqueous solvents shows that the glycollic 
form of hydrated HCHO cannot be the tanning agent and supports the 
view of the active agent being the carbonyl monomeric form, as the glycol 
form is not present in these solutions. Auerbach and Barschall,^® using 
M.Wt. determinations have shown that at least 12 hours are required for 
the polymethylene glycols to assume the monomeric form in equilibrium 
with HCHO. 

H. Hv .OH 

>C = O + HgO >C< ^ HO . CHg . O . (CHaO)n . CH, . OH. 

H/ H/ \OH 

Experimental. 

Materials and Method.—Since the physical properties of keratin fibres 
are affected by exposure to light and air, only the root ends of human hair 
fibres, purified by extraction with alcohol, ether and water, were used in 
the following experiments. The load/extension curves of such purified 
hair were determined for 30 % extension in distilled water at 22-2® C.,^* 
before and after treatment witii HCHO. In each case, a 5 cm. length of 
the root part of the fibre was attached by means of dental cement to 
light glass hooks, and after being washed for 48 hours was calibrated by 
determining its load/extension curve in distilled water at 22*2° C. After 
standing overnight in distilled water, the fibre was treated with the re¬ 
agent under examination, washed for 40 hours and then re-stretched. 
The buffer solutions employed were those of Walpole {pn 2-5), Kolthoff 
ipK 6), Palitzsch {pH 7-9) and Ringer {pH 10) used at i/io strength. 
A Cambridge Electrometer Valve pH meter was used to check the pn of 
each buffered HCHO solution immediately before use. In view of what 
has been said already about the condition of HCHO in aqueous solution, 
a time interval of at least 3 days was allowed to elapse between preparing 
solutions and using them. Supercontraction experiments were carried 
out in the manner previously described.^® 

Results. 

( 1 ) Effect of Time.—^After a calibration stretch in distilled water 
fibres were refluxed with aq. solutions of 2 % HCHO pH 5 for various 
lengths of time. The washed fibres were then stretched in distilled water, 
and the per cent, change in work calculated from the LJE curves. Blank 
experiments were performed using buffer solutions &t pH 5. Fig. 1 shows 

® Kaon, Fdrher-Ztg., 1914, 25, 73; Heuk, Klepzig’s Te:(t-Z., 1936, 39, 670; 
Barr and Edgar, Text. Res., 1937, 7, 175. 

* B.P. 502,853- 

Schon, J. Chim. Phys., 1929, 36, 72. 

Hibben, J. Amer. Chem. Soc., 1931. 53 * 2418. 

1 * Auerbach and Barschall, Ber., 1905, 38, 2833. 

“ Stoves, Trans. Faraday Soc., 1942, 38, 254. 

Britton, Hydrogen Ions, London, 1932, pp. 217-223. 
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that maximum fibre strengthening occurs after treatment for i hour in 
boiling solution. Fibres treated with HCHO for longer periods show 
diminution in strength owing to the processes of hydrolytic breakdown 
exceeding the synthesis of new linkages, Tlic remaining experiments 
wore perlormcd with boiling aq. solutions, the lime of treatment being 
limited to r hour. 

( 2 ) Effect of pn. — Bowes and Pleass^ examined the effect of pw on 
the amount of HCHO reacting with hair. Greater fixati<m was found to 
occur at high pH values than at low, and at all pii values hair fixed slightly 
more HCHO than could be accounted for by the basic groups of lysine 
and arginine. The reaction has now been examined with reference to the 
effect of pii upon the load/extension curves of treated fibres. Fig. 2 
illustrates the results obtained for fibres treated for i hour at the boi 
with 2 % HCHO pH 2-To. The lower curve shows that in the case of 
fibres treated with buffer solutions, hydrolytic breakdown of the fibre 
increases steadily from pa 3-10. Increasing hydrolysis of cystine linkages 
would be expected to give such a result. The fact that minimum damage 
occurs in the region pn 2-3, while Speakman and Coke “ found a minimum 
at ^11 5*5 eilmost certainly is due to the use by these investigators of buffer 
solutions of quite different composition from those used in the present 
work. The HCHO curve rises from pH 2-4 and remains comparatively 




fu- c^nge in work of + 3 yntU 7 is reached. 

Above this point fibre strength, as estimated by changes in the standard 
load/extension curves, diminishes. The diacrcnco between the two 
curves is a maximum in the neighbourhood of pix 7. Reference to the 
upper cu^e of hig. 2 shows a greater deviation of readings from the mean 
® buffer treated fibres. This deviation 

(e.g, + 5 5 ^ at pH 10) IS outside the limits of experimental error (i,e. 

ito extension) and appears to be connected in some 
way with the n^e of the reaction between HCHO and keratin at high 
temperatur^. The probable nature of some of the new linkages formed 
'''' discussed in paragraph 4. 

( 3 ) StabiUty of HCHO Treated Hair.—A calibrated fibre wal boiled 
for I Iwur in 2 % HCHO at pa 6, and afterwards washed in running water 
for 40 hours. The fibre was then boiled in n/io K,S A for i hour, fallowed 
re-stretching in distiUed water. The total 
^u^on m the work required to stretch the fibre 30 % of its original 
^ 4 h buffer soSi 

5 reduction in wwk vras 877 0/^. Fibres immersed 

^ bours at 35® C., followed by 40 hours in running 

water, gtnd treatment for 17 hours at 22-2® C. with 6*25 % (V/V) 100 vol. 

w Speakman and Coke, J, Soc. Dyers and Col. 193S, 54, 563. 
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HaOa 7, suffered a reduction in work of 8*o %. The result for a blank 
experiment was 12-0 % R.W. It appears, therefore, that treatment of 
hair keratin with HCHO does give a measure of protection against damage 
caused by oxidising agents. 

The resistance to hydrolysis of formalised keratin was examined by 
treating calibrated fibres with 2 % HCHO pu 6 for i hour at the boil, 
washing for 40 hours in cold running water, and re-strctching in distilled 
water. After an overnight rest, the fibres were boiled in distilled water 
for 1-8 hours, and the reduction in work determined. Blank experiments 
were performed using buffer solutions at pu 6 . Table I summarises the 

TABLE I. 


No. Hr. in Boiling Water . 

- 

2 . 

4- 

8. 

% R.W. of HCHO fibres . 

17-4 

^5-5 

i6-8 

19*1 

% R.W. of buffer fibres . 

T7-5 

X7*2 

20*0 

20*3 


results. Under the conditions of experiment, therefore, HCHO does not 
appear to reinforce keratin fibres against the hydrolytic breakdown caused 
by boiling water. 

(4) Nature of the New Linkages.—^Theoretically, the possible centres 
of fibre reactivity are salt 
linkages, cystine linkages, imino 
and acid amide groups, —OH 
groups of serine and t^osine, 
the guanidine groups of histidine, 
and the tryptophane side chains, 
while in boiling solutions of high 
acidity or alkalinity hydrolysis 
of peptide linkages will increase 
the number of —^NH* and 
—COOH groups. The reactivity 
of these groups will, of course, 
vary with the conditions of tem¬ 
perature and p-R, as well as with 
the nature of the reagent acting 
upon the fibre. 

In an attempt to discover something of the nature of the reaction 
occurring between keratin and boiling solutions of HCHO, it was decided 
to determine the supercontraction in boiHng 5 % NaaSaOa of fibres pre¬ 
viously boiled for i hour in 2 % HCHO piL 2-10*5. Three fibres w'ere used 
for each pR value and the mean values are shown in Fig. 3. The averags 
supcTcontraction of normal, untreated samples of the hair used in these 
experiments is 25*5 %. Fibres which supercontract to a de^ee less than 
this must contain cross-linkages which are resistant to boiling NaaSjOe. 
From this it follows that NagSaOs resistant linkages are formed in fibres 
treated with boiling solutions of 2 % HCHO at pR valu^ < 3 or > 8. 
Between these two values few such linkages must be formed since the 
mean value of the supercontraction of treated fibres is 23 %. On com¬ 
paring Figs. 2 and 3 it will be seen that although L/E curve experiments 
point to a greater net increase of cross-linkages in fibres treated with 
boiling HCHO pm 6-7, than in fibres similarly treated at pR 2, the latter 
fibres exhibit much greater stability to boil^ NajS,0#, cf, the action of 
alkali in increasing fibre resistance to boiling NagSgOs, but diminishing 

^“Gortner, OuHines of Biochemisiry, New York, 1929. P- 030; Speakman, 
Mather Lecture, J. Text. Inst,, 1941, 33, T93. 
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resistance to extension. 1® It can be concluded, there!ore, that when 
keratin reacts with boiling solutions ol HCHO p\i 2-T0, at least two types 
o£ new linkage are formed, one form being ruptured by boiling for i hour 
in 5 % NaaSaOs, while the other type is not. An attempt was now made 
to determine how far the various reactive centres listed above were involved 
in iorniation ol the new linkages. 

(i) Salt Linkaile Amino-groups.—WTieu normal fibres which have 
been stretched in water to 30 % ot their original wet length arc allowed to 
stand for 17 hours in n/io HCl at 22-2" C., lollowed by re-strctching in 
the acid, they are found to suffer a 30 % K.W. This increased ease ol 
extensibility is caused by complete rupture of the salt linkages having 
taken place, due to displacement of aspartic and glutamic acids by the 
HCl. This fact was used to examine the extent to which Ihc amino 
groups of salt linkages were taking part in the reaction of fibres with 
HCHO. The LJE curves ol fibres treated with boiling solutions of HCHO 
p-a. 2-10 were determined as described in (2). These fibres were allowed 
to stand overnight in n/io HCl at 22*2® C. and then were re-stretched 
in the acid. Table IT gives the results obtained and show's that in fibres 


TABLE II. 


of TteatXDfiat . 

2. 

3 . 

4- 

5. 

b. 

7 . 

8. 

0. 

10. 

% R,W. in N/lO HCl . 

17-3 

20*3 

24-7 

20-3 

20*7 

IQ-9 

10-2 

32-5 

l0*4 


boiled for i hour in 2 % HCHO pu 3-9 approximately 1/3 of the salt 
linkages are involved in the reaction. />h 4 appears to be an exception 
to thS statement. After treatment at pn 2 and 10 just under i/2 the total 
number of salt linkages are no longer in their original form. Recent 
work on the absorption of HCHO by proteins supports Blum's view 
that condensation occurs between i molecule of HCHO and 2 — 
groups with formation of R . NH . CHa. NH . R linkages between main 
chains, although in alkaline solutions —^N=CHa groups are also formed. 
It is suggested, therefore, that —NH . CHa • NH— linkages arc formed 
in all cases of fibres treated with boiling HCHO pn 2-10. P^irthcrmore, 
since Fig. 3 shows that fibres treated with HCHO between pn 3-8 are but 
poorly resistant to boiling NagSaOa, the —^NH . GHj. NH— linkage 
must not be stable to this reagent. 

Since a greater proportion of salt linkages arc involved in the reaction 
between fibres and HCHO at ^11 10. it is ot interest to determine wliethor 
the extra salt linkages give rise to linkages, other than —^NH . CHa • NH—, 
such additional linkages accounting for the diminished supcrcontraction 
of the fibres (Fig. 3), If resistance to boiling NagSaOj is duo to linkages 
formed from amino groups, a fibre in which the —NHa groups liave been 
removed prior to treatment with HCHO should show increased super- 
contraction in boiling NagSaOj solutions. Accordingly, 3 fibres were 
completely deaminated in Van Slyke's reagent.^* Two 24-hour treatments 
were given, followed by a 72-hours' wash. The fibres were then boiled 
in 2 % HCHO pB. 10*5 for i hour, in the presence of m. NaaS04 to reduce 
swelling of the deaminated fibres. After being washed, the supercon¬ 
tractions of the fibres were measured. The mean result for the 3 fibres 
'wss 5*4 % supercontraction {cf. Fig. 3). Deaminated fibres which had 
been boil^ for i hour in buSer soluHon at pm iO’5 were completely de¬ 
stroyed, so that it was impossible to measure their supercontraction. 
At 10*5, therefore, boiling solutions of 2 % HCHO react with keratin 

D’yachenko, Org. Chem. Ini. {XJ.S.S.R.), 1938, 5, 745. 

« Blum, Z. phy&ioL Chsm., 1896, aa, 127, 

Speakmaa, J. Soc. D^ars and Col., 1934, 5°* 34i* 
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fibres to produce new linkages which are resistant to boihng 5 % Na aSaOg, 
and such new linkages do not involve the amino groups normally present 
in the fibre. 

(ii) Cystine Linkage.—^Above pR 3 initial hydrolysis of —S—S— 
linkages during the treatment oX fibres with boiling HCHO solutions wnll 
give rise to —SH and —S OH groups {cf. buffer curve. Fig, 2). Now 
Ratner and Clarke have shown that HCHO reacts with cysteine to form 
thiazolidinc-4-carboxylic acid, reaction occurring first at the —SH group, 
and being followed by ring closure. 

CHj—SH CHj. S . CH^H CHj-Sv 

tn—NH3 + HCHO — > in—NH, —+ HgO. 

toOH toOH toOH 

The formation of thiol-HCHO addition compounds has been used by 
Challenger and Rawlings to explain the formation of methylated alkyl 
sulphides in (Et)aS2 inoculated cultures of P. brevicaulc Saccardo. HCHO 
(probably arising from glycine) is assumed to condense with formation of 
compounds of the t5pe R. S . CH2OH “a which then undergo reduction. 

l^rthermore, in the case of fibres treated with reducing agents so as 
to form —SH groups, the damage resulting from such fission of —S—S— 
linkages can, under certain conditions, be completely repaired by after- 
treatment with HCHO pK 8.®* It is reasonable, therefore, to conclude 
that HCHO can react with —SH groups to form linkages between the 
main polypeptide chains of the fibre. 

Hence, in keratm fibres boiled with HCHO solutions above pB 3 it is 
probable that the —SH groups formed by initial hydrolysis of the —S—S— 
linkage, form addition compounds witb HCHO. If such an addition 
compound is formed it may then condense with an amino-group from a 
basic side chain of an adjacent main chain. While such new linkages 
would give fibres increased resistance to extension, the observation 
that thiazolidine-4-carboxylic acid is decomposed by NaHSO, suggests 
that the new linkages would not reduce supercontraction, a state of affairs 
which agrees with the results given in Figs. 2 and 3. In more alkaline 
solutions many more —SH groups will be formed, and it is not unlikely 
that the addition compound would condense with a second —SH group 
to form a linkage of the type —S , CHa . S—. The discover of djenkolic 
acid in the djenkol bean of Java ** lends support to this view of reaction 
between two —SH groups, since the constitution of the acid, 

CHa[S . CHa. CH(NHa) . COOH]* 

shows it to be derived from HCHO and cysteine. The —S . CH*, S— 
linkage would be expected to resist attack by boiling NaaSaOs, and it is 
suggested that this is at least one type of resistant linkage formed in 
fibres treated with boiling solutions of HCHO above pB 9. 

The lower curve (Fig. 3) shows that above 5 an increatsing number 
of linkages resistant to boiling NaaSgOg are formed in fibres which have 
been boiled for i hour in the specified buffra: solutions. Now Schoberl ** 
has demonstrated that in neutral and alkaline solution the sulphenic 
acid R. S. OH formed by hydrolysis of compounds containing the 
—S—S— linkage breaks down to HgS and an aldehyde. In the case of 

Ratner and Clarke, /. Amer. Chent. Soc., 1937. 59» 200* 

Challenger and Rawliogs, J. Chem. Soc., 1937, ®7i* 

“ Levi, Gaxzetta, 1932, 775 * 

** Stoves, Trans. Far^ay Soc., i94*» 38f 261. 

** van Veen and Hyman, Rec. trav. chim., i935» 54» 493 > du Vigneand and 
Patterson, J. Biol. Chem., 1936, 114, 533. 

“ Schdberl et al., AnneOm, 1933 . 507 » m ; 1936, 97 * 
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the buffer treated libres now under consideration a number of the —S , OH 
probably undergo this further reaction. Condensation of the —CHO 
groups so produced with —^Nllg groups would give rise to —^N=CH— 
linkages between the peptide chains, so stabilising the fibre against 
attack by Na^SjOs. 

In fibres treated for 24 hours at 35" C. with buffer solutions, the above 
reaction does not take place to any extent below pii o.’-* At too° C., 
however, the instability of the —S . OH pjroup would be expected to be 
greatly increased, so that it is reasonable to assume that secondary re¬ 
actions of —S . OH occur to an increasing extent in fibres boiled in buffers 
of pu 5-10. Initial —S—S— linkage hydrolysis, however, exceeds the 
rebuilding process, so that while the fibres are stabilised against attack 
by NaaSaOc, they become increasingly more easily extensible (Fig. 2, 
lower curve). 

Summarising, it is suggested that in fibres treated with boiling solutions 
of 2 % HCHO pii 3-10, the following linkages are formed by reactions 
involving the —S—S— linkage: —. CH2 • NH— at all pn values, and 
—S . CHj. S— above pn g, while the resistance to supercontraction 
shown by fibres boiled in buffer solutions pa 5-10 is suggested to result 
from the presence of new linkages formed by secondary reactions of the 
—S . OH groups of hydrolysed —S—S— linkages. Below pn 3, boiling 
solutions of HCHO may function as acid reducing agents, so reducing 
—S—S— linkages to —groups which -would then react with more 
HCHO to form stable —S . CH#. S— linkages by the mechanism already 
discussed. Such a reaction is compatible with the results of Figs. 2 
and 3. 

(iil) Other Groups.—^In fibres boiled with HCHO in highly acid or 
alkaline solutions hydrolysis of main chain peptide linkages -will give rise 
to additional amino groups which may react -with HCHO to form new 
linkages. 

Ktint2ers theory of methylene linkage formation between imino 
groups of adjacent main chains, however, is not supported by measure¬ 
ments of the amount of HCHO reacting with hair. If the reaction occurred 
to any extent then within the isoelectric region of hair keratin, where 
fibre swelling is a minimum, much more HCHO would be fixed by keratin 
fibres than is found experimentally. 

Summary. 

Determination of the load/extension curves of keratin fibres before 
and after boiling for 1 hour in 2 % HCHO pii 2-10 shows tliat at aU pH 
values new linkages are formed, the greatest number, as estimated by the 
difference in behaviour of HCHO treated and buffer treated fibres, occur¬ 
ring in the neighbourhood of pH 7. At all pu values the amino groups 
o£ a proportion of the salt linkages take part in the reaction. In the case 
of fibres treated with boiling solutions of 2 % HCHO below pn 3 or above 
pH 9, linkages are formed which are stable to i hour in boiling 5 % NaaSsOg. 
Fibres treated -with boiling solutions of 2 % HCHO pn 3-8 contain 
relatively low of these linkages. Linkages formed by treatment for i 
hour with boiling 2 % HCHO pn 6 confer upon the fibre a partial im¬ 
munity to attack by oxidising agents. No increased resistance, however, 
is shown to hydrolysis by boiling water. The probable nature of the new 
linkages is discuss^. 

The University, 

Leeds. 


“ Phillips, Nature, 1936, 138,121. 
Ktintzel, Angew. Chem., 1937, 307 - 



THE REACTIVITY OF THE CYSTINE LINKAGE 
IN KERATIN FIBRES. 

PART V. THE ACTION OF BENZOQUINONE. 

By J. L. Stoves. 

Received 6 th July, 1943. As amended, jst Septembev, 1943. 

In 1909. Meunier 1 claimed that wool could be strengthened by treat¬ 
ment with aq. solutions of benzoquinone. Meunier and Seyewetz * also 
found that quinone tannage was accompamed by the formation of hydro- 
quinone, and therefore suggested that the benzoquinone oxidised free 
amino groups of the collagen with formation of hydroquinone, the oxidised 
grouping then combining with unchanged quinone. Later, Scharwin ® 
examined the reaction, of benzoquinone with wool, horn, silk and other 
proteins. He concluded that the product formed is a substituted amino- 
quinone, the displaced hydrogen of the amino groups reducing further 
molecules of quinone to hydroquinone. More recently, Speakman and 
Coke * have measured the increase in weight of wool after treatment with 
aqueous solutions of 2 % benzoquinone at 100“ C. The acid combining 
capacity of the treated wool was also determined. The increase in weight 
{i6-8 %) was much greater than the theoretical value (4*32 %), assuming 
that all the basic side chains of wool were to react. Furthermore, the acid 
combining capacity of the wool showed that reaction with basic side chains 
was incomplete. It was concluded, therefore, that the reaction between 
wool and benzoquinone is not restricted to the basic side chains, and the 
formation of additional cross-linkages from acid amide, tyrosine and 
tryptophane side chains was suggested. Since polymerisation of benzo¬ 
quinone occurs in aqueous solutions of benzoquinone at 100® C., the large 
increase in weight of benzoquinone treated wool obtained by Speakman 
and Coke may also be due in part to deposition of pol 37 merised quinone 
within the fibres. In addition to its technical significance, the quinone 
reaction is of considerable biochemical interest, for Pryor ® has shown that 
the ootheca of Blatta orientalis is formed by interaction of a secretion of 
2 glands, namely, a water soluble protein and a dihydric phenol. The 
phenol is oxidised, probably enzymically, to the quinone, which then reacts 
with the protein in a manner similar to the tanning of collagen by benzo¬ 
quinone. The final rigid and resistant protein is said to be more stable 
than keratin. “ Sclerotin " has been proposed as the name of this new 
scleroprotein. The hardening of insect cuticle is a process analogous to 
the formation of the cockroach ootheca. Sclerotin is similarly formed in 
the epicuticle, which is first secreted as a protein membrane and then 
“ tanned ” by the quinone reaction. 

An earlier communication ® reported that under specified conditions 
keratin fibres damaged by treatment with reducing agents could be com¬ 
pletely repaired by treatment with aq. solutions of benzoquinone. This 
reaction, together with the effect of benzoquinone on normal fibres, has 
now been examined further, the results obtained bdng described in the 
present paper. 

1 Meunier, Br. Er. 48, 797 ; 1909. 

* Meunier and Seyewetz, Comp, tend., igo8, 146, 987. 

* Scharwin, Z. Angew. Chem., 1913, 26, 254. 

* Speakman and Coke, Trans. Faradm Soc., 1939, 35, 258, 

«I^or, Proc. Roy. Soc., B, 1940, 128, 378, 393. 

® Stoves, Trans. Faraday Soc., 1942, 38, 261. 
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Method. 

The load/extension curves and supcrcontraction ot human hair fibres 
treated with /)-benyoquinonc were determined by the standard methods 
used throughout this scries of invovstigations. Ihiller solutions were used 
as described in the pre\ioiis paper, and where no pi value is stated the 
beiizoquinonc was used as a vSolution in distilled water. 

Results. 

(l) EfiTect of Concentration.—Cahbrated fibres were boiled for i 
hour in benzoquinone solutions ol various concentrations. After being 
washed for 24 hours in running water, the fibres were rc-stretched and the 
% change in work measured from the LfE curves. Fig. i illustrates the 
results. It will be seen that increasing the concentration of reagent from 
o to I % greatly increases the number of new cross-linkages formed in the 
fibres, thereby causing a total change in work of 33 %. Increasing the 
concentration from i to 2 % produces only a slight increase (3 %) in % C.W., 
i.e. only 9 % of the change resulting from increasing the concentration 
from o to I %. The remaining experiments were carried out using 2 % 
solutions of benzoquinone. 




( 2 ) Effect of Temperature.—After a calibration stretch in distilled 
water, fibres were treated for i hour with 2 % solutions of benzoquinone 
at various temperatures. At room temperature the low solubility of 
benzoquinone made it impossible to obtain a concentration of 2 %> conse¬ 
quently a saturated solution was employed at 22-2® C. Blank experiments 
were performed, using fibres treated with distilled water under the appro¬ 
priate conditions. The results obtained are illustrated in Fig. 2, from 
which it will be seen that above Go® C. the difference between the two 
curves increases rapidly with further increase in the temperature of re¬ 
action, i.8. new linkage formation considerably outweighs the increased 
hydrolytic breakdown of cystine linkages. Future experiments were 
conducted with 2 % aq. solutions of benzoquinone at the boil, the time of 
treatment being i hour. 

( 3 ) Effect ot pB ,—The influence of pn upon the reaction of benzo¬ 
quinone with keratin was examined by treating calibrated fibres for i hour 
with boiling 2 % benzoquinone pK 2-9. In preparing the solutions it was 
found that when the quinone was dissolved in buffers of pK > 8, the pB 
of the solution was invariably less than that of the buffer, e.g. 0-5 units at 
pB 9 and i*i units at pB 10. This was due to the rapid polymCTisation of 
the quinone, which occurred with increasing rapidity as more alkaline 
buflers were used. The method adopted was to measure the pB of the 
quinone solution 10 minutes after preparation, and then use the solution 
immediatdiy for treating the fibres. After boiling for i hour the pB of 
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alkaline solutions fell by anything from 0*5 to 1*5 units. Bekw pii 7, 
the iiritial p\i of the quinone solution was that which would bo expected 
for the buffer used. The pn of these solutions was but little affected by 
boiling. 

After a 24 hours’ wash the L}E curves of the treated fibres were ro- 
dcLcrmined, anti the % change in work calculated. Fig. 3 illustrates the 
results, together with those obtained using buffer solutions alone. The 
pK values shown are the initial ones of the quinone solutions before boiling. 
Consideration ol the two curves 
shows that from p-R 2-7 synthesis 
of new linkages steadily increases. 

In cold solutions pR 2-7, benzo- 
quinone is almost entirely in the 
monomeric form. On boiling the 
solutions, oxidative polymerisation 
occurs but there is always enough 
of the monomer present to react 
with the fibre, and cross-linkage 
formation increases as the pu of 
the solution rises. Above pi\ 7, 
however, pol3rmerisation of the 
quinone occurs rapidly even at room 
temperature. On boiling such solu¬ 
tions, the concentration of reactive monomer rapidly falls. The polymer, 
probably for structural reasons, does not appear to react with the fibre, 
hence the much smaller number of new linkages formed in fibres treated 
with alkaline solutions of benzoquinone. The constitution of the polymer 
is not known. Diels ei al.’’ have shown, however, that pyridine can 
bring about polymerisation of ;^-benzoquinone to 2:5 di-(^-oxyphen- 
oxy)-i : 4 benzoquinone. 

The reaction of ;^-benzoquinonc with amines such as aniline, ® supports 
the view® that quinone monomer reacts with the —groups of 
proteins to form linkages of the tj^e I. The 
% R.W. (I3'6 %) in n/io HCl of fibres boiled for 
X hour in 2 % benzoquinone shows that probably 
half the available salt linkages are involved in 
the reaction. This role of the amino-group re¬ 
ceives further support from the observation that 
new linkage formation in fibres boiled in benzo¬ 
quinone solutions diminishes steadily with in¬ 
creasing deamination of the fibres.® Completely 
deaminated fibres, however, still show a slight 
(2-7 %) increase in work after boiling in aq. solutions of benzoquinone. 

(4) Effect of Pretreatment —^The —S—S— linkages of keratin fibres 
which have boon treated with a reducing agent such as m/io NaaSjOs for 
17 hours at 22-2® C. are nxptured to the extent represented by a io-8 % 
reduction in the work required to stretch the fibre 30 % of its original wot 
length. This damage can be completely repaired by overnight treatment 
with 1 % benzoquinone in distilled water at 22-2® C.“ Fibres which have 
been damaged to a similar extent (t9-2 % R.W.) by treatment with an 
oxidising agent, however, are only partially restored (3*5 % increase in 
work) by the same quinone treatment,1® the % increase in work being of 
the same order as that obtained on treating a non^l fibre with benzo¬ 
quinone under same conditions, i.e. 4*7 %. In view of this result, and 

’ Diels and Kassebart, Ann., 1937, 530» 51; f^iels and Priess, ibid., 1939* 

^«^arrer. Organic Chemistry, Amsterdam, 1938, p. 532. 

» Stoves, Thesis, University of Leeds. 1938, p. 156 ; see Speakmaa, Mather 
Lecture, Jf. Tetti. Inst., 32 »» T93. 

1® Stoves, Trans. Faraday Soc., 194a, 38, 501. 
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since amino groups w’ould be expected to be equally available in all 3 
cases, it is reasonable to conclude that the greater number of linkages 
formed in the first case is due to cross-linkagc formation by reaction of the 
quinone with —SH groups produced by reduction of the —S—S— linkages 
of the fibre. No such groups would be present in an oxidised fibre. In 
view of Snell and Wcis.sl^rger’.s work on thiol-benzoquinone compounds, 
it is probable that the additional linkages formed in the case of bisulphite 
treated hair are ot the type II. Tlxe reaction of benzo- 
<luinone with reduced keratin has now been examined 
from ^11 2-7. Owing to the abnormal condition of the 
quinone solution above pn 7, the results obtained using 
such solutions are not strictly comparable with those 
given by acid or neutral solutions. Calibrated fibres 
were treated for 17 hours at 22-2* C. with 
M/io NaaSaOs + 5 % CaHjOH, 
the reaction being performed in a slowly revolving 
shaker. After being washed for 24 hours, and re¬ 
stretched, the fibres received treatment for 24 hours at 22-2® C. with 
saturated aq. solutions of benzoquinone pn 2-7. The % change in work 
of washed fibres was finally determined from the LfE curves. Fig. 4 
illustrates the results obtained. Maximum linkage reb uilding is obtained 
using solutions which would be expected to cause minimum fibre swelling. 
( 5 ) Stability of Benzoquinone treated Fibres, (i) Oxidation.- 



, benzoquinone solution. 


Fibres which had been boiled for i hour in 2 
followed by 1 hour in boiling n/io KaSgOg 
were still 10*5 % more resistant to extension 
than were the original fibres. The result 
for a blank experiment was — 90"3 % 
resistance to extension. Benzoquinone, 
therefore, confers upon fibres considerable 
resistance to attack by oxidising agents. 

Experiments in another connection also 
showed that fibres boiled in quinone were 
resistant to attack by 6-25 % 100 vol. 

HaOa pn 7. 

(U) Hydrolysis.—^An outstanding feat¬ 
ure of quinone tanned leather is its resist¬ 
ance to boiling water. It was decided, 
therefore, to examine the effect of boiling 

water upon the resistance to extension of fibres which had been boiled for 
I hour in 2 % benzo<iuinone solution. Calibrated fibres were treated with 
benzoquinone, washed for .^o hours and re-stretched. After an overnight 
rest in distilled water, the fibre.s were boiled in distilled water for various 
lengths of time. A scries of blank experiments was also performed. 
Table T summarises the results. 



TABLE I. 


No. Hr. In BoQing H «0 , 

I. 

s. 

4 . 

8. 

Final % C.W, quinone 

-h 20'2 ! 

+15-4 

+ II-3 

— 0-6 

Final % C.W. blank . 

- 14-4 

— i 4 -{> 

— i8’0 

— 25-0 


The " tanned ” fibres, therefore, are quite stable to i hour in boiling water. 
Further boiling causes a steady fall in resistance to extension, but even 
after 8 houm, fibre strength only fallen to that existing before the 
Snell and Weissberger, J. Amer. Chem. Soc., 1937, SP» 200. 
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original quinone treatment, and is much greater than that of a non- 
quinone treated fibre which has been boiled in water for 8 hours. 

Summary. 

The efiects of concentration, temperature, and pH upon the reaction 
of /)-benzoquinone with keratin fibres have been examined. Changes in 
the load/ex tension curves of fibres treated with aq. solutions at the boil, 
indicate tliat the reaction gives rise to the formation of new linkages within 
the fibres, thereby increasing the resistance of keratin to decomposition 
by hydrolysis and by oxidation. Using boiling solutions of 2 % benzo- 
quinone, maximum formation of new linkages occurs at pH. 7. In more 
alkaline solutions extremely rapid polymerisation of the quinone greatly 
reduces the number of new linkages formed, the effect being particularly 
marked above pn 8. Suggestions are made as to the nature of the link¬ 
ages as well as to those formed by the action of benzoquinone upon fibres 
whose cystine linkages have been reduced by pretreatment with NajSaOs. 

The author is indebted to the Directors of C. W. Martin & Sons Ltd. 
for facilities to carry out this work. 

Th& University, 

Leeds. 


THE ELECTROPHORETIC BEHAVIOUR OF 
CERTAIN HYDROCARBONS AND THE IN¬ 
FLUENCE OF TEMPERATURE THEREON. 

By H. W. Douglas. 

(fiomnvunicated "by W. C. M. Lewis.) 

Received i%th September, 1943. 

In dealing with the relationship between the electrophoretic behaviour 
of pure organic compounds dispersed in aqueous media and their chemical 
structure it is desirable to start with bodies of the simplest constitution, 
viz., the hydrocarbons. 

Unfortunately, hydrocarbons are amongst the most difficult cases to 
investigate by reason of the thinness of their emulsions. Further, it is 
known that in the case of the low molecular weight paraffin hydrocarbons, 
e.g., hexane, and also of benzene, it is not possible to obtain emulsions 
sufficiently .stable to examine in the ordinary way. Such substances, 
however, may be examined by mixing them with suitable stable carriers ; 
suitable carriers being liquids in which the substance in question is soluble, 
thereby producing composite droplets of known composition. The carrier 
must be of such a nature that its own electrophoretic characteristics are 
not too pronounced, for where this is the case the carrier masks to too 
great an extent the contribution made by the substance itself to the ob¬ 
served electrophoretic behaviour.* In short, the surface layer of the 
droplet must contain a sensible fraction of molecules of the substance 
under examination, for it is well known that the surface composition 
determines the electrophoretic behaviour.^ 

Measurements have been made on the electrophoretic behaviour of 
emulsions both of single hydrocarbons and of binapr hydrocarbon mixtures 
in aqueous media in the presence of o*oi n. sodium ion, the purpose of 

* Thus it has been found that composite droplets of hexane with sec. undecyl 
alcohol, containing up to some 90 molar per cent, of hexane, exhibit the same 
electrophoretic behaviour as droplets of the pure alcohol. 

1 H. A. Abramson, Trans. Faraday Soc., 1940, 36, 9. 
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the electrolyte being to maintain a constant thickness of Ihe electrical 
double layer. 

Experimental. 

The Mobility Determinations.—^The electrophoretic mobility nicasxire- 
ments were carried out by the macroscopic moving boundary method. 
The apparatus was similar to that described by Price and Inwis,*-* and 
capable of accurate tein]ierature control (.L 0‘T° C.). The supernatant 
liquid and the dispersion mixture used were of the same ionic composition 
and pH : sucrose was added to the dispersion to give a 2 % solution in 
order to maintain well defined boundaries. 

Different pH values were obtained by the use of various buffer solutions 
as described by Dickinson.® The pn values of the solutions were fre¬ 
quently checked potcntiomctrically using both a glass electrode and a 
hydrogen electrode to measure pH values below pn 8 ; the latter electrode 
only was used for ^h’s above pii 8. 

Mobility-;^!! curves were determined at 25®, 30® and 40® C. for dode- 
cane, at 25® and 40® C. for paraffin wax, and at 25® C. for octadecene. 
^so, the variations in the mobility ol the composite droplets, containing 
increasing molar fractions of each of the substances hexane, benzene, 
cyclohexane and dekalin, have been determined at ^11 9 and 25® C., using 
dodecane as the carrier. 

Purification.—^As slight traces of impurity have a large effect on ob¬ 
served electrophoretic behaviour, special attention has been paid to the 
purification of the materials employed. 

The hexane and cyclohc.xane used were B.D.H. " Spectroscopically 
Pure ” products. They were washed with distilled water, dried and 
distilled (B.P.’s 68-7® C. under 754 mm. and 8o-8® C. under 762 mm. 
respectively). 

The sample of dodecane, as supplied by Fraenkel and Landau (Berlin), 
gave an emxilsion having a mobility of 2-64iLi/sec./volt/cm., towards the 
anode, at pH 9 and 25° C. It contained unsaturated compounds and 
was purified by shaking successively with concentrated sulphuric acid, 
aqueous alkali and distilled water. This treatment was repeated until 
a product of constant electrophoretic mobility was obtained. The 
hydrocarbon was finally distilled from sodium at reduced pressure, B.P. 
78° C. under 7 mm. The final emulsion gave a mobility of i*l6 units 
at pH 9 and 25® C. 

The original paraffin wax was Baird and Tatlock's “ Specially 
Selected ” wax (softening point circa 60® C.). An emulsion gave a 
mobility of 1*51 units at pii q and 25® C. The wax was purified by 
shaking vrith hot concentrated .sulphuric acid at 90® C. until fresh acid 
remain^ uncoloured, then with hot aqueoas allcali and finally to 
neutrality with distilled water. It was then rccryslalli.scd from A.R. 
ether until the mobility, 0*96 unit at pu 9 and 25® C., was constant within 
the experimental error {circa 5 %). 

The initial A'-® octadcceno was a stored fraction of a sample used by 
previous workers in this laboratory,* An emulsion gave a mobility of 
4*o8 units at ^ 9 and 25® C. It was purified by repeated distillations 
at reduced pressure {circa 10 mm.) in a “ Quickfit" all-glass apparatus, 
the middle fractions only from each distillation being used in the next 
stage. After five distillations a middle fraction ol B.P. 176-8® C. under 
14 mm. was obtained, and a further distillation left the mobility, 1*91 
units at pn 9 and 25® C., unchanged within the experimental error. This 
product had a B.P. of 176-8® C, under 14 mm., density (i**® ss= 0-7862, 
and a refractive index =“ i*4452. 

® Price and Lewis, Trans. Faraday Soc., 1933, 775 * 

® W. Dickinson, ibid., 1941, 37, 140. 

* A, W. Evans, ibid,, 1937, 33, 794. 
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The benzene employed was Kablbaum’s thiophene free, " pro-analyse " 
product. It was distilled before use, B.P. 8o*i° C. under 757 mm. 

The imtial dekalin, a B.D.H. product used by previous workers,® 
had a mobility of 1-23 units at pB. 9 and 25® C. It was purified by treat¬ 
ment with fuming sulphunc acid, followed by aqueous alkali and then 
w'ashcd to neutrality with distilled water ; it was then dried over sodium 
wire and distilled, B.P. 182-4® G. under 760 mm. An emulsion of the 
product gave a mobility of t-oi units at pn 9 and 25® C., unchanged by 
further treatment. This final product had a refractive index — 1*470, 
together with the boiling-point this constant indicates that ^m«s-dekalin 
is produced by this treatment. 

Preparation of the Emulsions.—^Emulsions of parafl&n wax were pre¬ 
pared both by the alcohol condensation method and by the steam-jet 
method ; these methods have been described in papers by Williams ® 
and others. Emulsions of the other hydrocarbons and of the mixtures 
were prepared by a modification of the steam-jet method as previously 
employed. The modification consisted in the replacement of the single 
jet, of approximately i mm. internal diameter, by several of much smaller 
diameter, ctrea o*i mm. Using such a multiple jet and steam under a 
pressure of some 2 metres of water the emulsions prepared were much 
thicker and more stable than those prepared by either the original steam- 
jet method, the alcohol condensation method, or the homogeniscr. 
Further, the method presents the minimum opportunity for the intro¬ 
duction of extraneous material. Using the modified steam-jet method 
the writer was able to prepare temporary emulsions of hexane and benzene ; 
these broke rapidly, however, and after 24 hours were too thin for measure¬ 
ments to be made. 

Hexane, benzene and cyclohexane each possess a small solubility in 
water. In view of the small amount, circa 1 c.c., of any particular mixture 
used in the preparation • of its emulsions these slight solubilities might 
considerably affect the composition of the mixed droplets, and in particular 
their surface composition, if distilled water were used as the continuous 
medium. To overcome ■^s difficulty the distilled water was saturated 
with the appropriate hydrocarbon by shaking therewith and standing 
24 hours. Dodecane, the carrier employed, has a negligible solubility 
in water. 

Results. 

The results obtained at 25® C. for dodecane, paraffin wax (a mixture 
of solid paraffin hydrocarbons approximating to Cag-ao)* octa- 

deceno by the ^v^iter arc given in Fig. i along with the data of Dickinson ® 
for octadecanc. The results obtained for the composite droplets of 
hexane-dodecane, cyclohexane-dodecane and dekalin-dodccane respec¬ 
tively at 9 and 25® C. are given in Fig, 2. Fig. 3 gives the mobility-^H 
curve for pure dodecane at various temperatures; similar results were 
obtained for paraffin wax at 25® and 40® C. Above 40® C. measurements 
were not possible owing to experimental difficulties. 

The mobility-^H curves for the hydrocarbons dodecane (liquid), octa- 
decane (solid), paraffin wax (solid) and octadecene (liquid) show the 
same general characteristics as those obtained for other compounds in 
the same media.®- • At all but the lowest pa's the particles are negatively 
charged and the mobilities towards the anode increase regularly with 
increasing pK ; about pn 9 the mobility tends to a limiting value. The 
effect of molecular structure on the mobility is best considered in this 
region. 

It is generally accepted that the negative charge at the interface 
between an '* inert surface " and water is due to the adsorption of hydroxyl 

® W, L. Guest and W. C. M. Lewis, Proc. Roy. Soc., 1939, 170, 503. 

® G. C. ‘Williams, Trans. Faraday Soc., 1940, 36, 1042. 
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ions either directly or by the ionisation of a single layer of adsorbed water 
molecules. Either mechanism will account qualitatively lor the general 
shape ot the mobility-^H curves. 

For hydrocarbon surfaces in contact -^vith aqueous electrolyte it is 
lihely that the electrical double layer is of the type postulated by Gou> 


I o Pdrafin Wax (Douglas') • 

» Dodecam (Doughs). 

1 9 OctAdtcATte (Oichnicn'). 
o Octadicene {Deu^las). 



Fio. I. —Mobility-^H curves for paraffin wax, dodecane, octadecane and 
A'"® octadecene at 25“ C. in the presence of o-oi n. sodium ion. 


Fig. 





I /O 20 so 40 so 60 70 60 SO tOO 

Mekr ptrcenli^e ef Hettm, Btnztnt, Cythhexane 3t Dekaftn m the cmjaesitt dnytdi. 


2.—^The mobilities, at P's. 9 and 25“ C., of hexane-dodocane, benzene- 
dodecane, cyclohexane- 4 odecanc and dekalin-dodecane mixtures. 

O Hexane-dodecane. X Cyclohexanc-dodccano. 

# Bcnzene-dodccanc. H Dekalin-dodecane.* 


* The dekalin-dodecano mobility values have been reduced by o-i units in 
order to separate the plots. 



Fig. 3.—^Mobility- 
pTsL curves for 
dodecane. 


Assuming a regular variation in the electrophoretic behaviour of mixed 
droplets vath increasing amounts of the hydrocarbon which would not, 
of itself, give an emulsion, the various curves in Fig. 2 have been extra¬ 
polated to give following values for the mobilities, at 9 and 25° C., 
of the h3ipothetical emulsions of these substances. The values obtained 
are:— 

Hexane . . ,1*2 units. Cyclohexane . .1*03 units. 

Benzene . , . 1*65 units. Dekalin . . 0*99 units. 

’ Gouy, /. Physique, igio, 9, 457. 
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Discussion. 

The similarity in the mobilities at pii g and 25° C. for the hydrocarbons 
hexane (1-2 units), dodecanc (i-i6 units), octadecane (i’i5 units), and 
paraffin wax (o-gb units) indicates that all straight chain paraffin hydro¬ 
carbons would show substantially the same electrophoretic bcha\iour in 
a particular aqueous medium within the limits of the experimental error; 
thus their interlaces with water possess substantially the same affinity 
for hydroxyl ions. The close agreement between the extrapolated values 
for the mobilities of cyclohexane and dekalin and that measured directly 
for dekalin (i’03, o-gg, and i*oi units respectively) indicates identical 
electrophoretic behaxiour within the limits of the experimental error. 
The mobility-/>H curve for these compounds at 25° C. would lie slightly 
below that for dodecane. These cyclo-paraffin/water interfaces thus 
have a slightly smaller affinity for hydroxyl ions than the dodecane/water 
interface. The extrapolated value for benzene (1*65 units) lies consider¬ 
ably above the paraffin hydrocarbon value—indicating that the benzene/ 
water interface has a greater affinity for hydroxyl ions than a paraffin 
hydrocarbon/water interface octadecene has an even higher 

mobility (i-gg units) at pH 9 and mu.st adsorb hydroxyl ions to an even 
greater extent than a benzene surface in a particular aqueous medium. 

Turning now to the effect of temperature upon the mobilities of 
dodecane (liquid) and paraffin wax (solid) emulsions it will be noted that 
the mobility at any particular pa increases with temperature, though the 
divergences between the curves are only small. 

The corresponding zeta potential-;^H curves have been evaluated by 
means of the expression 


c (in volts) 

where 

(I is the mobility of the particles in cw®./sec./volt/cm. 

1] is the viscosity of the medium in poise. The values * used were 0*0900 
poise at 25® C., 0*08007 poise at 30'’ C. and 0*0656 poise at 40“ C. 

D is the dielectric constant of the solution. The values * used were 
78*2 at 25° C., 76*5 at 30® C. and 73*1 at 40® C. The effect of n./ioo 
salt is very small (i or 2 %) and has been neglected ; the values 
given are for the pure solvent. 

/(#ea) is Henry's function.® In the present work the particles were of 
average radius (a) 5*10-® cm. For solutions N./ioo with respect to 
electrol3rte, this corresponds to a value 0*99 for Henry’s function. 

The zeta potential curves so calculated are given in Figs, 4 and 5 for 
dodecane and paraffin wax respectively. The zeta potential varies but 
little with change of temperature over the range 25® to 40® C. Burton * 
has recorded similar results for silver sols, for which the product mobility 
X viscosity was approximately constant over the temperature range 
3® to 40*5® C. 

Treating the electrical double layers round the particles as equivalent 
to small parallel plate condensers, capacity C per unit area of the plates, 
then 



where D' is the dielectric constant within the double layer and S is the 
distance between the plates, taken as the thickness of the double layer 

* From the International Critical Tables. 

8D, C, Henry, Proc. Roy, Soc. A, 1931,133, 106. 

* E. F. Burton, The Physical Properties of Colloidal Solutions, Table XX, p. 145. 
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calculated from the Gk)uy theory. For a particular aqu eous medium— 
of fixed pTS. and salt concentration—^thc thickness 8 oc V D'T and hence 
the capacity of the electrical double layer will vary as VD'IT. The 
charge per unit area, q, is related to the potential, by the c<iuation 
q - C . and thus for a particular aqueous medium 

qcc^VJyp' .( 2 ) 



Fig. —Zetapoten- 
tial-;^H curves for 
dodecane. 


If Qojl adsorption (measured in calories absorbed) per 

gram-ion of hydroxyl ions, then from thermodynamic considerations we 
may write 




Fig. 5.—Zeta po- 
tontial-^H curves 
for paraffin wax. 



Substituting the proportionality (2), converting to log^^ aiid. rearranging 






By means of equation (4), assuming that S remains constant within the 

experimental error for the 
TABJLii I paraffin hydrocarbon/water 

_interface over the tempera- 

Tempemtees in q.-. Heat of 25“ to 40" C and 

Degrees Absolute. Ratio of Bulk A^n>Uo«T«T that the variation in Jr is 

- sarao as for the bulk 

Tj, r,. Ai^bai. value D, the values shown in 

_Table 1 were obtained for 

The values obtained 

298 303 -2L. = foa — 955 3,re of the expected order of 

7^'5 magnitude, and the agree- 

76* <; ment between them is fairly 

303 313 :^=-i*o5 -739 good. 

298 313 ^='■<>7 -715 Snmmary. 

Electrophoretic mobility- 
pn curves have been deter¬ 
mined for dispersions of dodecane, paraffin wax and A’--* octadecene. 
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In order to obtain values for substances which do not of themselves form 
sufficiently stable emulsions, the artifice was adopted of forming composite 
liquid droplets thereof with a suitable carrier, 

It was found that the affinity for hydroxyl ions of a hydrocarbon/water 
interface varies for different t3iq)es of hydrocarbon. For the paraffin 
hydrocarbons dodccane and paraffin wax, practically coincident zeta 
potential-^ii curves were obtained over the range 25° to 40° C. ; calcula¬ 
tion gave the heat of adsorption of hydroxyl ions as approximately 800 
cals, evolved per gram-ion of hydroxyl adsorbed. 

Department of Inorganic and Physical Chemistry, 

University of Liverpool. 


THE INFLUENCE OF SURFACE FILMS OF OIL 
ON THE EVAPORATION OF WATER. 

By R. W. Powell. 

Received <yth April, 1943. 

The author has carried out a number of experiments to determine the 
laws governing the evaporation of water from saturated surfaces.*. * One 
problem which had given rise to this investigation related to the loss of 
moisture from meat carcasses during shipment and storage, and it was 
thought necessary to ascertain how the evaporation from a clean water 
surface compared with that from a surface contaminated with oil or grease. 
The results described in the present paper were obtained some time ago, 
and the subject would then have been pursued further had not other work 
intervened. In the meantime three other publications *» ® on the subject 
have been noticed, and accordingly it is felt that the publication of this 
account might be of interest. 

The most recent work of Hejnnann and his collaborators *• ® has related 
to the use of multimolecular films of oil as a means of preventing or reducing 
the evaporation of water from exposed water surfaces in arid climates. 
They found * that films of parafiin oil of i to 2 X iO“* cm, in thickness to 
which suitable spreading agents have been added will reduce the evapora¬ 
tion by 50 to 60 per cent. Reductions up to 99 per cent, were obtained 
with 0*5 to I X 10-* cm. films of certain high boiling fractions of neutral 
oil of vertical retort tar. Their most recent paper * deals with the stability 
of these multimolecular films of oils on water surfaces, and tabulated results 
are given showing that films of polymerised oil of considerable stability 
can be obtained, which for thicknesses of 5 x lo-* cm. and 10 x lo-* cm. 
reduce the evaporation into stiU air by 58 to 78 per cent, and 70 to 81 per 
cent, respectively. 

Some years previously Jeppe and Segal ® had investigated the possi¬ 
bility of using oil films to lower the atmospheric humidity in deep South 
African mines. Their laboratory experiments, carried out at air velocities 
of 1000 to 1300 ft. per min., showed Iffiat films of fuel oil 25 X 10*^ cm. in 
thickness reduced the evaporation from an underlying water surface by 
about 85 to 90 per cent, 

Hedestrand ’ concluded tlmt mono-molecular films had no efiect on the 

* Powell and Griffiths, Trans, Inst. Chem. Eng., 1935, 13, 175. 

“Powell, ibid., 1940. *8, 36. 

* Sebba and Briscoe, J. Chem. Soc,, 1940, 106. 

4 Docking, Heymann, Kerley and Mortensen, Nature, 1940, 146, 265. 

® Heymann and Yoffe, Trans. Faraday Soc., 1942, 3®, 408. 

« Jeppe and Segal, /. Chem. Met.-Mimng Soc. S. Africa, 1933,33,131 and 397. 

’ Hedestrand, /. PAysic. Chem., 1924. * 8 # 1245 - 



312 SURFACE FILMS OF OIL ON EVAPORATION OF WATER 

rate ot evaporation from water, and Tiidcal ® showed that a surface cou- 
tamination of this typo did dimmish the true rate of evaporation into a 
vacuum, bub would not be cxpcclc<l to have any measurable cflect in the 
case studied by Hedestrand for which the controlliiif? lactor was the rate 
ol diffusioir through the ove^layinf^ air film. 

vSebba and Rriscoo •* have developed a lechni<pie for ohlaiiiing coiii- 
parative measurements of the rale of evaporation of water through niono- 
molecular hlius into a constant cun'ent ol dry air under coiulitions ol con¬ 
trolled surlacc pressure. 'Die interesting di.scovery is made that I lie 
resistance oherod by those fdins lo the evaporation of the underlying water 
is a highly spccilic jmipcrty and tliat w'hercas under the conditions of their 
experiments films of egg albumin, cholesterol, oleic acid and claidic acid 
oltercd practically no resistance, films of stearic acid, braSvSirlic acid, 
arachidic acid, cetyl alcohol, octadccyl alcohol and »-docosanol can cause 
reductions amounting, in the case of the last-mentioned film, to 90 per cent, 
of the evaporation from a free water surface when the surface pressure 
exceeds a critical value. 

Towards the conclusion of their paper mention is also made of some 
tests in which the wriitcr surface was covered by relatively thick films of 
lubricating oil. A film just thick enough to show the first interference 
colours caused a reduction of only 3 per cent, in the rate of evaporation, 
whilst a film so thick that interference films could no longer be seen caused 
a reduction of 73 per cent., showing, as the authors remark, that a much 
greater resistance to evaporation can be obtained with an appropriately 
chosen closely packed film one molecule thick than with an indicator oil 
film of the order of 100 molecules tlfick. 

The present experiments relate to oil films having thicknesses ranging 
up to about 2’5 cm. The results confirm Sebba and Briscoe’s conclusion 
as to the relatively low resistance to evaporation aflorded by " coloured ” 
oil films and further show that the degree of protection alXordcd by a thin 
film of oil increases as the air velocity is increased. Tt is also shown that 
there is an optimum thickness for a given oil for which the rate of evapora¬ 
tion from the underlying water surface has a minimum value. 

Theory. 

As already implied, in considering the general problem of the transfer 
of water vajiour molecules through a film of oil into air allowance has to 
be made not only for the resistance imposed by the film itself, but also for 
that of the layer of air immediately above the oil through which the vapour 
molecules escape by dilTuaion. It is the diifusion through this air film 
which govcjn.s the rate of evaporation in the absence of any surface con¬ 
tamination. 

t^t and bo the thicknessos of these oil anti air films and c^, and 
Ca the vapour concentrations at the water-oil boundary, oil-air bouuflary 
and at the limit of the air film through which diffusion occurs. Then if 
E is the mass of water evaporated from a surface of area A. in S seconds 
and D* and Do the coolficicnts of diifusion of water vapour through air 
and oil respectively, 

E Da/4(C0 — Ca) _ X)oA(C„ — Co) 

-- ^ __ . . . . (X) 

The resistances of the air and oil films to evaporation under a unit concen¬ 
tration difference are given by ia/JD^A and t^JD^A respectively. The value 
of Da is about 0-25 cm.* per sec. Whereas no previous experiments appear 
to have been carried out to determine Do, the present work leads to values 
of the order of 3 x lO'"® cm.* per sec. A is a function of the air velocity over 
the surface, beaming smaller as the air speed is increased, thus tlio extent 
^ which the rate of evaporation of water is affected by means of a super¬ 
imposed film of oil should be least under still air conditions and should 
« Rideal, ijid., 1925, ap, 15S5, 
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become relatively greater as the air speed is increawsed. Thus the foregoing 
considerations show that the value of a film of oil as a preventative oi 
evaporation from an underl3ang water surface should ii^crcase as the air 
speed over the surface is increased. 

Experimental Determination of the Effective Thickness of 
the Air Film. 

The present cx])erimcnts were mostly of a relatively simple nature in 
which the rate ol loss of weight was determined lor surfaces contained iu 
straight-sided glass dishes about 4 cm. deep and 6*8 cm, in diameter. The 
dishes were filled to within about 0-4 cm, of the brim. To determine the 
eficctivc thickness of the air film, at various air velocities, two similar 
dishes containing water were placed on the floor of the wind tunnel used 
for the earlier evaporation work.*- The temperature of the water in one' 
dish was measured 
by means of a butt- 
welded thermocouple 
which could be in¬ 
troduced just below 
the surface, Tliis 
temperature was 
used for the deter¬ 
mination of Cy,, the 
vapour concentration e 

for saturation. The 
rate of evaporation § 

from the other dish J 

was determined from 
•weighings made at ^ 

the beginning and ^ 

end of the experi- 
ment. The air veloc¬ 
ity was measured and 
also the wet and 
dry bulb tempera¬ 
tures of the air ap¬ 
proaching the dishes 
which enabled fa to 
be derived. The 
yaluc^ of ia dorivccl yiq. i .—Dependence of eficctivo thickness of air film on 

m tins way and cal- speed of air parallel to plane of surface, 

culatecl from the 
equation 

, •Da^(Cw •” Ca,)S 

t. - - - 

are represented in I^jg. x by the ringed points and the continuous line. 
Still air values obiained with the dishes on the floor of a closed box (about 
jt metre cube) liavc been plotted at zero air velocity though they were 
probably influenced by convective air currents set up by local diflercnces 
in tempCTaturo and vapour concentration. It is improbable that the air 
film is of ui^orm thickness, particularly since it will be influenced by tho 
projecting rim of the vessel. Fig. 1 also contains data deduced from Figs. 
5 and C of an earlier paper,^ whuch relate to a surface 18*2 cm. wide and 
24 ‘ 3 » cm, long down-wind, fitted with a stream-lined leading edge and sub¬ 
jected to a tangential •wind stream. The curve dra-wn as a series of dashes 
represents the variation of the average film thickness •with air speed, whilst 
the dotted curves serve to give some idea of how this film thickness in¬ 
creases as the air traverses the surface. 
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Experiments to determine Dq using thick oil films. Evidence 
for some other agency than diffusion, which assists the 
escape of water vapour through very thick films. 

Dctenniualion55 of wore first attempted iisinf* relatively thick layers 
of oil, and these exporiincnls led to an interesting result. Medicinal 
paraffin was n.scd lor a pn^liininniy oKperinient. One ve.ssel was filled to 
wthin about i cm. of the bruii with oil only, and t\yo others filled to a 
similar extent with layers of oil of 0*65 and r-t>2 cm. thickno.ss respectively, 

floating on water. 
The three vessels 
were left in a .still 
air enclosure and 
weighed periodi¬ 
cally. Over a 
period of about 
three weeks there 
had been no loss 
for the vessel con¬ 
taining oil only, a 
loss amounting 
to o-ooi8 gm. per 
day through the 
thinner oil sample 
and to 0-0025 gm. 
per day through 
the thicker oil 
sample. This re¬ 
sult was surprising 
in that it indicated 
that the rate of 
loss of water va¬ 
pour through the 
oil did not vary 
inversely as the 
oil thickness. 

Similar tests, 
carried out in 
desiccators con- 
toiuing silica gel 
to absorb the 
water vapour, 
were later made 
for various oil 
tliickncsses and at 
Thickness of oti (e/n.) g, acrios of Steady 

Fig, a.—Rato of loss from water through oil films of temperatures, a 
various thicknesses. vacuum oil and a 

mineral oil, AO, 

which had been oxidised during use in steel quenching, being also studied. 
It will be seen from Fig. 3 that in each instance the rate of loss of water 
through the oil has a minimum value. This occurs when the oil thickness 
is of the order of o -6 to i -o cm. There is some indication that the minimum 
occurs for s m aller thicknesses of oil as the temperature is increased, and 
that the critical thickness is greatest for the medicinal parafBn and least 
for the oxidised quenching oil. 

The complete results for the thick films of oil are set out in Table I. 
The last column of the table gives apparent values for the diffusion co- 
efficieiits of the oils which have been calculated by means of equation (i), 
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the assumption being made that is oquaJ to the saturation vapour con¬ 
centration of water at the enclosure temperature, and that -- Ca ■- iccro. 
In each instance the values arc seen to increase wth increasing thickness 
of oil, and it would seem that the reduction in the rate of transfer of water 
vapour molecules by pure diUusion which should result from an increase 
in the thickness til the oil layer is more than couni cr-bal a need by an 
opposing eflect, which bccomcb greater as the thickness of the oi I is increa»sed. 
A. likely reasson for an eficct of tliis kind is that the transfer of water vapour 
is assisted by convociiou currents set up in the thick oil layers as a result 
of local changes of density. Snch clianges in density might arise from 
temperature inequalities, or result from the solution of air or water within 
the oil. Temperatures of the room in which the tests were made were 
maintained constant to within ± o-i“ C. In the tests with the oil AO 
freshly boiled water had been used to eliminate the possibility of air entering 
the oil from the water, but air may still have entered the oil from the 
surrounding atmosphere. So far it has not been possible to ascertain the 
exact reason for the convection currents being sot up in the oil, or to 
detect any convectional movement, but the following results support the 
suggestion that the higher rates of water vapour transfer observed with 
thick layers of oil arc dne to a convective agency. 

Honeycombs made from copper lt)il 0-017 cm. in thickness were so 
inserted in the vessel that they diNuded the oil layer into vertical cells 
about 0-6 X 0-6 cm. in cross section and about 0-2 cm. less in depth than 
the thickness of the oil layer. 

It will be seen from the entries in Table 1 and the points in Pig. z 
shown as ringed crosses that with the houoj’comb in ])osition the aug¬ 
mented transfer is no longer obtained for increased oil thicknesses, and 
the experiment is regarded as confirming that the augmented transfer 
observed when no honeycomb is inserted is due to convection. 

The values of diffusion coef&cients derived from these tests agree fairly 
well with those for films 0*3 cm. or less in thickness, and presumably 
represent the true diffusion coefiBlcients of water vapour through the oils. 
At about 20® C. these values range from i*6 x io“® cm.*/soc., for the 
medicinal paraffin, to 2-7 X 10“® cm.»/sec. for the oxidised mineral oil. 
The experiihents carried out at higher temperatures indicate that the 
value of Do increases relatively rapidly with increase in temperature. 
This increase is, no doubt, associated with the fact that the oil becomes less 
viscous at higher temperatures. The lowering of the viscosity should also 
allow convection ciirrents to be set up more readily, which is consistent 
with the higher apparent values obtained for Do with the thick films at 
high temperatures and for the tendency of the minima of the curves drawn 
in Fig. 2 to occur for lower oil thicknesses at higher temperatures. 

The kinematic viscositicH of the three oils were i4i‘4, 84 and 68 centi- 
stokes for the medicinal paraffin, vacuum oil and oxidised mineral oil 
respectively. Ifrom Table E it will be observed that the rate of diffusion of 
water vaijour is roughly inversely proportional to the kinematic viscosity, 
and that a similar relation appears to hold for the increased vapour transfer 
attributed to convection. 

Experiments using thin oil films. 

The experiments described in the previous section for the determination 
of Do occupied several days, owing to the small losses in weight which had 
to be measured. For the oxidised oils, which spread to form a uniform 
film on the surface of the water, it was thought that a more rapid deter¬ 
mination could be made by using quite thin films and exposing the vessel 
to a high wind so as to make the effect of A negligible. The method was 
not entirely successful. Apart from inaccuracies in determining the 
quantity of oil used to form the film, some of the very thin films were 
unstable, and broke up into areas of non-uniform thiclmess, and also in 
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the presence of a wind the films tended to be blown towards the downstream 
edge of the vessel, so that the film thickness again varied across the surface. 
The method used was similar io that already described for the determina¬ 
tion of 4. Table II contains results obtained using films of the mineral 


TABLE I, —^Experimental Data 1 or tuk I>eti:rmination ok tiik Coickficient 
OF Diffusion of Water Vai»<»uk through Oil, using Thick I.ayers of 
Oil. 


Oil. 

IVmperatun* 

rc.). 

Thickiu-ss 

(cm.). 

Laiss in 
Weight 
(gm./iLiy.) 

10 ' X Appdreiit 
(lilfusmt V 
(rm.a/t.i‘c.). 

Medicinal paraffin 

19-5 

0-23 

0-0036 

1-6 



0-50 

0-00x7 

x-6 



I *08 

0 -001T 

2-2 



x -93 

O-OOJb 

5-8 

Do. . . . 

30-3 

0*23 

0-0080 

2-1 



0*50 

0-0047 

2-4 



x*o8 

0-0046 

. 5-1 



1-93 

0-0057 

II -3 

Do. 

45-3 

0-23 

0-0227 

2-5 



0*50 

o-oiio 

2-8 



I *08 

0-0150 

7-2 



1*93 

O-OlOO 

14-8 

Do. (with honeycomb) 

2i*a 

2-50 

0-0017 

7-3 


21*2 

2-50 

0-00036 

1-6 

AO . . . 

21*0 

0-13 

0 *01X6 

2-7 



0*37 

0-0042 

2-7 



0-63 

0-0032 

3-5 



x*35 

0-0046 

10-7 



2*26 

0-0053 

f 20*7 

Do. . . . 

27*3 

0x3 

0*0x84 

3-0 



0*37 

0-0070 

3-1 



0*03 

0-0058 

4‘4 



X'35 

0-0065 

lo-O 



2-20 

0-0078 

2X-2 

Do. . . . 

35*0 

0 -X3 

0-03x5 

3*4 



0*37 

0*0125 

3*7 



0*63 

0-0088 

4*5 



1*35 

0-0155 

X6-8 



2-26 

0-0187 

34*0 

Vacuum oil 

i8-o 

0*34 

0-0035 

3*5 



O‘6o 

0-00225 

2-8 



0*84 

0 -00X9 

3*3 



I *04 

0-00225 

4-8 



2-38 

0-0034 

16-7 

Do. (with honeycomb) 

18*0 

1*04 

0 *00X0 

2-X 



2-38 

0-0006 

2-9 


oil AO, and of the vacuum oil aftear'it had been oxidised by heating in a 
dish exposed to air. 

These experiments agree reasonably well with those using thick films, 
and suggest that a value of Do <=> 3 x lo"* can be assumed for the purpose 
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of estimating the effect which the presence of a film of such oil is like])' to 
have on the rate of evaporation of water. 

The continixous linen drawn in Fig. 3 show the calculated effect of films 
2-8 X 10-® and 5-1 x ro-® cm. in thickness. The dotted Hues indicate 
the results of simple experiments when similar vessels were exposed to air 
streams, one containing water only and the other Avator protected b> an 


TA73LE 11,—Hxi'icKiMiiNTAi. Data for tiik Dktkrmination oi<' tju-. CoKFncn-,NT 
OF Diii'UsioN OF Watiir Timouoii tht., trswG Thin Oil Hilm.s, 


oil. 

TomperAtme 

(X.). 

Thickiu Sb 
(cm.). 

Loss m weight 
(gm./Srf'C.). 

10» X D« 
(cru.*/i»cc.). 

Oxidised vacuum oil 

22 

0-0032 

4-r X lo-** 

3*3 


22 

o-oorO 

7-4 X 10-® 

2-9 

AO . . . 

22 

0-00078 

53-2 lo-® 

yo 


22 

0-00052 

T.S-2 V lo-® 

2-W 


i8 

0-0007 

14 X 10“'* 

3-3 


oil film. In such a te.st the results arc not .strictly comparable as the free 
water surface for which the evaporation is greater Avill as.sumc a lower 
temperature. 

It has not yet been possible to repeat the tost and to include a inoasurc- 
ment of surface temperature, and the fact tliat no allowance has been ma<lo 
for this difference in temperature probably explains the lack of complete 
agreement between calculation and exp<aimcnt. 



Conclusion. 

The present results sufi 5 .ee to show the general nature of the influence 
of oil films on the rate of evaporation of water. They are in reasonable 
agreement with the results, using oil film, obtained by Sebba and Briscoe 
and by Heymann and Yoffe, and with the general conclusion that the use 
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o£ such mono-molecular films causes but little reduction in the rate of 
evaporation from an underlying -water surface, but that the reduction due 
to multi-molecular iilnis of oil can become appreciable. Tt has been 
shown that the reduction becomes relatively greater as the air velocity is 
increased, and that the order ol the oltect can be estimated from a knowledge 
of the ddfubion cocflicients oi ^vatcT vapour through air and oil. 

Till, inve-.tigntioii w^s carried out m the Physics Department of the 
National Pin sun! Laboratory ns ])ari of the programme of the It'and 
liivestigntion liOiOcl, <nid this paper is published by permission of the 
Department ot Scientihc and Industrial Ke.scarch. 

P/iysics Del>arlmevt, 

The Nfrtinval Physical Laboratory, 

Teddington, Middlesex. 


REVIEWS OF BOOKS. 

Elementary Physical Chemistry. By Randall and Young. (Randall 
& Son, 2512 Etna St., Berkeley, Calif., U.S.A., 1942. Pp. xiv -f- 455. 
Price $ 4.50.) 

This is an original work, set out in an original print. Its 32 chapters 
cover a wide range of modern and classical pliysical chemistry at a standard 
suited to the needs of the first year Honourman or the second year Honour- 
man who de.sires to revise his knowledge of the fundamentals; indeed, 
the post-graduate researcher who has become a little nisty in certain 
branches of his subject -will find the book invaluable. The advanced 
physics student will find in a study of the text an excellent introduction 
to those problems in physical chemistry which so often overlap his own 
peculiar studies. 

The theoretical expositions are clear, concise and arresting ; the 
descriptions of experimental work are tull enough to be interesting and 
are accompanied for the most part by very clear line-drawings; the 
e>94 cxerriso.s provide maten.il enough and to spare on wliich the student 
may try his strength and thereby materially increase his skill. 

The treatment is up to date in its outlook but by no means neglects 
older work of importance, ami the many and detailed references to the 
literature make oa.sy and pleasant the task of the student who desires to 
consult tho original sources. Indeed, the whole atmo.s])herc of the book 
is tliat of the em^uiriiig miiul and .shouM provide a healthy stimulus to 
tho student to tliink for himself. 

Some things must be taken and some left, but it is odd that there 
should be no reference to tho parachor, and tliat tho temperature variation 
of surface tension should be treated by way of tho b-6tvos equation -without 
any consideration of the well known power law, y = y5(i — U)*, 

The book is produced in imitation type-script. It is perf«:tly legible 
but demands a certain effort in reading tmtil one becomes accustomed 
to the script. It is dijBB,cult to see why this mode of presentation should 
have been adopted. 

The book may be heaxtily commended. 


A. F. 



MODES OF DRUG ACTION. 

A GENERAL DISCUSSION. 

Friday, 2J^h September, 1943. 

A. General Discussion of the Faraday Society was held at The Hotel 
Rembrendt, London, S.W. 7, on Friday, 24th September, 1943, from 
10 a.m. to 5 p.m. to discuss “ Modes of Drug Action 

The ]l^esident, Professor E. K. Rideal, occupied the Chair throughout 
the meeting. Some 250 members and guests of the Society were present. 
Luncheon was taken in the Hotel during an interval in the meeting. At 
the conclusion of the meeting thanks were accorded with acclamation to 
the Imperial College of Science for providing the epidiascope and other 
conveniences for the meeting at the hotel, as well as to the authors of the 
papers which had stimulated so useful a discussion. 

The papers submitted in Advance Proof for discussion and the report 
of the discussion thereon appear in the following pages. 


GENERAL INTRODUCTORY ADDRESS. 

By Sir Henry Dale. 

The Faraday Society have honoured me with an invitation to open the 
proceedings at this day's Conference, and I have gladly accepted it; and 
I have done so the more gladly on account of the association of to-day’s 
proceedings with the memory of my own old teacher and greatly honoured 
friend, the late Sir William Hardy. I am glad also to have the oppor¬ 
tunity of adding my voice to those of other research workers in medicane 
and pharmacology, in welcome of the growing interest shown by physical 
chemists in many of our central problems. As evidence of this, we find 
the Faraday Society giving a day to the discussion of the actions of drugs, 
and we have the leaders 01 some of our chief schools of physical chemistry, 
with their co-workers, contributing to what promises to be a varied and 
illuminating discussion. It is almost a commonplace to say that any 
account of the life process, in its various manifestations, which science 
may eventually be able to present, will be written in terms of extremely 
complicated and labile ph^ico-chemical systems. When we study the 
etfocts of chemical substances on different vital activities, then, and try 
to understand how those are modified, suspended or abolished by what 
we call pharmacological actions, we sh^l certainly need all that physical 
chemist^ can contribute to our effort to understand what is happening. 
We are glad, accordingly, that this discussion is being held, and grateful 
to the Faraday Society. 

Having said this, I hope that it will not seem grudging or presumptuous 
if I venture to suggest that those of us who ^ve hitherto approached 
these problems, whether from the side of biology or of chemistry-—and 
certainly mys^ no less than othem, when I have, rashly waded up to the 
short limit of my depth in these difficult waters—^have tended almost 
inevitably to oversimplify the issue. I suspect that we have tried to 
attribute to such paralldis between physico-chemical properties and 
pharmacological action, as we can observe in homologous series, a signi¬ 
ficance beyond what they can properly bear. Sigrdficance, of course, 
these parallels have; since any kind of vital process is dependent on 
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change in complex physico-chemical s3rstems, the intensity of a particular 
action upon it, observed in an homologous series, is likely to be conditioned 
by some physico-chemical property that waxes and wanes again as wc 
ascend the series ; and we seem, often enough, to have several such pro¬ 
perties to choose from, with maxima at the same member of the series. 
The point which T Avish to em])hasisc, however, is that this coincidence of 
maximum activity with a maximum of oil-solubility, or of activity on 
interfacial tension at a particular type of surface, may not throw any light 
at all, in the present state of our knowledge, on the specific appearance in 
that series of the physiological activity which wc are studying, and which 
may be a highly specialised and an extremely complicated one. A good 
example of my meaning recurs in the papers to be presented by Dr. 
Schulman and Dr. Ing, both of whom happen to cite the interesting 
maximum of oestrogenic activity at the di-ethyl substitution stage in the 
series of dihydroxystilbenes. Dr. Ing is interested in this maximum from 
the point of \'iew of structural chemistry, and Dr. Schulman in its coin¬ 
cidence with the form most actively adsorbed on a protein interface. Now 
1 am certainly not suggesting that this coincidence is not of interest and 
significance; but I do venture to urge that we should not allow ourselves, 
even subconsciously, to assume that it even begins to account for the 
occurrence, in this series as a whole, of the highly specific and complex 
activity, which wc term oestrogenic. It is true that the formula of such 
a disubstituted stilbene can be written on paper in a shape recalling the 
carbon skeleton of the natural oestrogenic hormones; but that, again, 
does not begin to tell us why the presence in the circulation of a trace of 
such a hormone, or of one of the members of the series under discussion, 
specifically initiates the complicated train of events in the mucous membrane 
of the female genital tracts which constitute what we call oestrus. That 
surely is not a general property of substances which are powerfully ad¬ 
sorbed on protein interfaces. All these parallels between structure, or 
physico-chemical properties, and special t^es of activity are of alluring 
interest and will, assuredly, provide data of great value for an eventual 
understanding of the problem, provided that we do not lose hold of the 
fact that its central core is still biological, and therefore of such complexity 
as still to be hardly tangible, 

Paul Ehrlich, the real initiator and great pioneer of that side of to-day's 
subject which deals with the chemotherapy of infections, used to insist on 
the essentially biological nature of the problem, and to claim the initiative 
for the medical biologist. Yet the conceptions from which he sought to 
construct a framework of hypothesis, were largely derived from structural 
organic chemistry, and particularly from that of the dye-stuffs with which 
he was most familiar. And here again, it seems to me that the use of terms 
such as Ehrlich introduced, and others since his time, has its value as a 
scaffolding for ideas, provided that we remember that to label a pheno¬ 
menon is not to rev^ its nature. Dr, Ing alludes to the remarkable 
specificities of certain chemicals for physiologically effector cells^—^nerve, 
muscle and gland cells—and the association of these with innervation by 
different parts of the autonomic nervous system—surely one of the most 
fascinating of pharmacological mysteries, and one which remains a mystery, 
even with our present knowle^e of the phy^ological intervention of 
adrenaline and acetylcholine in the transmission of different nervous 
effects. It is a mere statement of fact to say that the action of adrenaline 
picks out certain such effector-ceUs and leaves others unaffected ; it is a 
simple deduction that the affected cells have a special affinity of some 
kind for adrenaJine; but 1 doubt whether the attribution to such cells of 
*' adrenaline-receptors " does more than re-state this deduction in another 
form. 

Of great interest, again* is the switch-over as we ascend the “ onium " 
series from predominant, sdlectiv© stimulation to an equally selective 
paralysis of the same types of nerve cells and endings; and ms change 
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may legitimately be compared with a progressive change in various physico¬ 
chemical characters in the series. It seems to me, however, that, when 
we come to consider the basis of this selective action, we must not ignore 
anomalies, which, in the end, may prove to be more significant Eor any 
final conception than the regularities. The really fascinating problem, 
I suggest, is to be found in the fact that tetramethylammonium salts have 
a selective stimulant action closely similar to that of nicotine, of cytisine, 
and of lobeline, natural alkaloids which arc not onium salts at all, and 
which are not remarkably similar to one another in molecular configura¬ 
tion. What is the property common to these, which gives them, in 
common, this highly selective activity ? To say tiiat they all have affinity 
for the same chemoreceptors is merely to restate the observed facts or, if 
it means more, to go without warrant beyond them. 

Dr. King justly draws attention, I think, to the interest of the facts 
obtained by the study of drug-resistant strains, selectively bred out, as it 
were, by do.sage too low to effect a permanent cure of an infection. The 
mention of such matters brings to mind the great loss to the study of 
chemotherapy in this country entailed by the recent death of our dis¬ 
tinguished colleague and brilliant leader in this field of enquiry, the late 
Prof. Warrington Yorke. Knowing that he was a doomed man, Yorkc 
used himself to the very limit of his waning strength to serve the cause of 
our country and its allies. Prof, Yorke, and others who worked with him, 
or have since followed the trail, have been able to show that trypanosomes 
thus made resistant to a group of arsenicals have lost the affinity for 
them, which enables normal tryxjanosomes to extract these compounds 
from a surrounding fluid. The fact that other organic arsenicals are still 
fully active on these resistant trypanosomes, is interpreted by the ]>rcsencc 
in these compounds of Upoid-soluble groups. The trypanosomes which 
have thus been made resistant to atoxyl have also, as Ehrlich and his 
co-workers discovered, become resistant to acridine dyes like acrifiavine, 
which no longer stain them as they do normal trypansomes ; but when 
Dr, King interprets this event as meaning that atoT^l and its analogues, 
on the one hand, and the acridine dyes on the other, are " substantive for 
the same type of structure in the trypanosomes," I am inclined to ask 
whether this does more than state in other terras the observed and sur¬ 
prising fact. And here 1 should like to raise the question, whether the 
recently observed possibility, of producing from normally sensitive cocci 
strains which have acquired a resistance to sulphonamide derivatives, may 
not present the opportunity for a direct attempt to discover something 
more definite about the chemical basis of such resistance. Unlike 
trypaiiosonies, such bacteria might, I suggest, be grown on a scale 
sufficiently large to enable some quantitative data to bo obtained con¬ 
cerning certain constituents of the resistant and normally sensitive strains. 

I hope that my remarks will not appear to be wholly critical and dis¬ 
couraging ; that is certainly not my feeling or my intention. On the 
contrary, I feel that the present position of tile subject of this Conference 
represents a tremendous advance on that of only a few years ago. Wo 
shall have abundant evidence in this discussion of the different kinds of 
technique and the different orders of conception which are now being brought 
to bear, in a convergent attack on a problem to which, even quite recentiy, 
the only method of approach seemed to be that of hit or miss, an empirical 
and almost undiscriminating trial of any accessible derivative of a 
substance in which, whether by planned investigation or sheer accident, 
a particular type of activity had bera. discovered. But now, in place of 
vaguely conceived chemoreceptors, labels for observed but unexplained 
afiSodties, it begins to be possible to think in terms of interference with 
activities of vi^ enzyme systems, whether by blocking the action of co- 
eruymes, or supplanting essential substrate molecules on the specific 
surfaces of enzymes. We shall hear from Sir Rickard Christophers about 
the respiratory enzymes of malarial parasites and the effects on them o! 
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antimaJarial agents ; and there is the recent evidence about the mode of 
action of the sulphonamides and other bacteriostatic agents, as described 
by Fildes, Woods, MacTlwain and others, and discussed also to-day by 
Dr. King, in relation to the action of arsenoxidcs. 

Then tliere are special problems, like those of the insecticidal actions 
discussed by Dr. Hiirst, who has the advantage that he can skin his 
parasites and examine the separated cuticle for its properties as a physico¬ 
chemical system ; or that of the special properties, discussed by Dr. I/)urie, 
which enable a trypanocidal agent to pass the so-called blood-brain barrier 
and become elective on trypanosomes infecting the brain. These may 
serve to illustrate the almost infinite complexities of the problem, viewed 
as a whole, on the biological side, and the need, if I may relapse into 
warning, for care not to assume too general a significance for the results 
obtained with a particular biological index, or an artificially simplified 
physico-chemical system or model. The present convergent attack, from 
so many special aspects of knowledge, gives, I believe, the highest promise 
of rapid and ordered advance in a field in which even opportunist and 
guerrilla tactics have already, and surprisingly, achieved results of such 
great practical importance. 
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PART I. BIOLOGICAL ASPECTS: THE 
ANTAGONISM OF DRUGS. 

By J. H. Gapdum. 

Communicated on September, 1943. 

I should like to start by paying a tribute to Professor A. J. Clark. 
The title of this discussion is almost identical -with that of a book which 
he wrote, and which, together with his article on General Pharmacology 
in Heffter’s Handbuch ^ has been a great source of inspiration and informa¬ 
tion to all who are interested in pharmacology : I shall refer to them 
frequently. 

The word drug means different things to different people. Many 
only use this word when they are speaking of dangerous drugs, such as 
opium, which lead to addiction. The pharmacologist likes to tMnk that 
it means any substance which is applied to living matter, in order to see 
what effect it will have, and of course that means that there are very few 
substances which have not qualified as drugs at one time or another. 

There are many modes of drug action. Some drugs act osmotically, 
.some as acids or alkalis, or oxidising or reducing agents or by increasing 
the permeability of surfaces or precipitating proteins ; some drugs act 
bpec^cally on enzymes and some by quite unlmown methods. We shall 
have a chance to discuss some complex modes of action this afternoon. 

Many of the more interesting properties of drugs depend on the factors 
which cause them to concentrate at their site of action and several papers 
to-day are concerned with this process. Dr. Lourie is interested in the 
uptake of drugs in the central nervous system. Dr. Kjng with their uptake 
by trypanosomes, and Dr, Hurst with their uptake by insects. 

The actions of narcotics were discussed by this Society in 1937,* They 
are mostly simple aliphatic compounds which cause a reversible depression 
of living tissues. Their action depends on their general physical pro¬ 
perties which cause them to concentrate on surfaces and in lipoids. The 
exact reasons for this concentration have been much discussed, but 
comparatively little is known about how these drugs depress living tissues 
once they have accumulated on their surfaces. 

According to Dr. King • phenylarsenoxide is taken up by trsqjano- 
somes in much the same way as narcotics are taken up. The uptake of 
atoxyl, and other drugs to which trypanosomes become resistant, depends 
on more specific chemical properties, and the same is true of many of the 
more interesting drugs, which combine specifically with tissues. Dr. 
King's other class of arsenical drugs are those which are comparatively 
inactive and are perhaps not concentrated at all. 

I do not propose to review all possible modes of drug action, but to 
concentrate attention on the antagonism of drugs with reversible actions, 
since many recent developments are based on the quantitative study eff 
antagonism, and there is undoubtedly much more work to be done in this 
field. 

An antidote may counteract the effects of a poison in various different 
ways, the two most important of which are by neutralisation and by 
competition. It may either neutralise the poison by combining with it 
and forming an inert compound, or it may compete with the poison for 
chemical groups which are in some way essential to living tissue. 

1 Clark, Heffter^s Handbuch. exp. Pharmah. Brgdnz, 4 (Springer, Berlin, 1937), 

• Tram. FaroAtty Soc., 1937, 1057. * infra, 383. 
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Antagonism by Neutralisation. 

An example of an antidote which acts by neutralisation is provided 
by compounds containing —SH groups, which counteract the ellects of 
Hg and other heavy metals, anfl o( organic arsenic coiupoimds. It was 
shown, in 1908 by Chick * and lias repeatedly been confirmed » that the 
action of mercury on bacteria can be reversetl by treating the bacteria 
with HaS. The initial reaction between the bacterium and the mercury 
is evidently reversible, though irreversible changes take place later. In 
the case of spores the reversible phase may last a week. 

Soon after the last war Voeghtlin ® and various collaborators were 
studying the actions of aromatic arsenic compounds in the chemotherapy 
of trypanosome infections. They showed that the action of trivalent 
arsenoxides of the form R — As = O could be directly observed by watching 
the movements of the trypanosomes under a microscope. When the 
arsenical was added, even in low concentrations, the movements ceased. 
This crude method of observing the effects of drugs gave interesting in¬ 
formation. New methods, such as those described by Sir Rickard 
Christophers * will doubtless give much more information. 

The effect of trivalent arsenicals on the movements of tr3rpanosomes 
was antagonised by adding any one of a number of SH— compounds. 
The same effect was demonstrated in vivo, by injecting SH— compounds 
into infected rats i minute before the injection of arsenoxides. This 
caused a delay in the disappearance of trypanosomes from the blood. 
It was also shown that SH— compounds prolonged the life of rats which 
had received a lethal dose of arsenoxide. This work has been confirmed 
and extended.** • Voeghtlin believed that the arsenoxides were working 
by combining with the SH— groups which could be detected in the 
trypanosomes by the nitroprusside test. There can be little doubt that 
this combination takes place, since SH— groups have a particularly high 
affinity for arsenicals, but when this theory was advanced there was no 
direct evidence that the loss of free SH— groups would harm the organisms. 

Fildes ’ has shown that the action of Hg on Bact. coli is also antagonised 
by various SH— compounds, and has suggested that Hg also acts by 
combining with SH— groups in the organisms. The affinity of SH— 
compounds for Hg is of course great and has earned for them the title of 
mercaptans, but Fildes points out that the evidence is now fortified by 
work on the nutrition of bacteria. Dr. Fildes has taken a leading part 
in this work himself and it is unlortunate he is unable to give an account 
of it to-day (cf. Fildes "). Ikvcterium coli can grow when the only source 
of nitrogen in the medium is ammonia, but B. typhosura cannot grow, 
except when certain amino acids arc added. Both organisms contain 
these amino acids as an essential part of their structure, but one can 
synthesise them from ammonia and the other cannot. In Fildes's 
terminology these amino acids are " essential metabolites ” for both 
organisms ; they are “ growth factors ” for B. typhosum, which cannot 
synthesise them, but not for B. coli which can. These investigations 
h^ve thrown much light on bacterial metabolism, since some organisms 
will only grow when supplied with very elaborate growth factors. 

It has been shown that moulds • and staphylococcus and presumably 
other cells as well can obtain sulphur from any one of a variety of organic 
SH— compounds, presumably by converting them into cysteine, but 
cannot grow at aJI without SH — compounds. Further references to 

• Chick, Hyg., 1908, 8, 92, • Voeghtlin, Physiol, Rev., 1925, 5f 63. 

•Walker, Biochmt. J., 1928, aas, 292. 

’ Fildes, Brit, J. exp. Path., 1940, ai, 67. 

• Fildes, Lancet, 1940, 1 , 053. 

• Volkonsky, Ann. Inst. Pasteur, 1934, 52 » 

Fildes and Ridiardson, Brit. J. Path., 1937* 18, 292. 
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chemical evidence of the importance of SH— compounds have been given 
by King.® There is thus good evidence not only that Hg is likely to 
combine with SH— compounds, but that this combination will inliibit 
growth. According to Fildes removal of SH— compounds is the essential 
cause of the inhibition of gr<5wih by Hg. 

Quantitative Theory of Neutralisation. 

The <iuantitative relations between the concentrations of the poison 
and its antidote which just neutralise one another cannot be very ac¬ 
curately measured, but they can be studied over a wide range of con¬ 
centrations. Voeghtlin found that the concentration of antidote had to 
be 10-20 times as great as the chemical equivalent of the poison. Fildes 
found that the corresponding ratio was 1-5-2 for glutathione and 6-12 
for thiolacetate, and points out that this difference cannot be due to a 
difference of stability, since thiolacetate is more stable than glutathione 
under the conditions of the experiment. It seems likely that the difference 
is due to a difference in the dissociation constants of the compounds 
formed by combination of Hg with the two different antidotes. 

Calculations may be based on two different fundamental assumptions. 
In the first place it may be assumed that it is necessary to use enough 
antidote to reduce the concentration of free poison to the level which 
would just cause a threshold effect in the absence of antidote. This is 
not Fildes's theo:^, since he classifies all SH— groups together as an 
essential metabolite whose absence would itself inhibit growth. The 
second assumption is therefore that it is necessary to use enough antidote 
to maintain a threshold concentration of free antidote. 

I.et w molecules of the poison X combine with v molecules of the 
antidote y to form an inactive compound XY, and let x and y be the total 
molar concentrations of X and Y. Consider the threshold conditions in 
which there is just enough firee X to have an effect. Let the concentration 
of X which is not combined with Y in these conditions be of which 
Xt is free and {X(, — Xj) is combined with the tissue. On the first as¬ 
sumption these quantities are independent of x and y. The concentration 

of the inactive compound will be niolar, and the concentration 

of free Y will therefore be 

ft 1 , 

y ““ 

For equilibrium 

where K is the dissociation constant of XY. 

= , . , , 1 ) 

The relation may be expressed graphically by plotting y against x 
(see Fig. i). The line AE, which expresses conditions giving equ^ effects 
is call^ an isobol,^*'' The straight line AB represents the case where 

dissociation is negligible; isT = o and y =* ^{x — Xq). Under these 

conditions Y is all combined with X and the uncombined X is merely the 
excess. The last term in equation (i) is represented by ED. This is 
the extra amount of antidote which must be added to suppress the 
tendency to dissociation. 

“ Fraser, Brit. Med. J., 1872, II, 457, 485. 

Loewe, Brgeb. Physiol., 1928, 27, 47. 
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When « = I, that is when there is only one molecule of antidote in each 
molecule of the inert compound, AE is a straight line, and the concentration 
of antidote is directly proportional to the concentration of poison, pro- 



Fig. 1.—^AE is tho isobol, showing 
concentrations of poison and a 
neutralising antidote which have 
a constant effect. Arithmetic 
scales. 


vided that the latter is corrected by 
subtracting tho amount required in 
the absence ol antidote. ^Vhen 
n — 2 the curve connecting ET") and 
X is a parabola, and as n becomes 
longer the relationship diverges more 
from that of simple proportionality. 
These statements arc true whatever 
the value of m, which has no effect 
because Xx is assumed constant. 

According to this theory” the 
amount of antidote always? exceeds 
the simple chemical equivalent of the 
amount of poison, provided that the 
latter is corrected as before. This 
is in accordance with known facts. 

Ti n> 1 the ratio - ~” decreases 

y 


as the concentrations increase. The 


equation for the theory that the effect depends on the removal of excess 
antidote can be derived from equa-tion (i) by interchanging x with y 
and m -with n. According to -this theory the amount of poison always 
exceeds the simple chemical equivalent of amount of antidote, corrected 
as before. 

The observations of Voeghtlin and Fildes that a large excess ol anti¬ 
dote was sometimes necessary suggest that the second assumption is 
incorrect in these cases, and that the function of "the added SH— com¬ 
pounds is to remove the poison rather than to maintain a threshold 
concentration of free SH— groups. On the other hand Woods found 
that a substance in yeast antagonised sulphanilamide in remarkably low 
concentrations, and -was led to the conclusion that the antagonism was 
due to competition. There is no doubt that this conclusion was correct, 
but the above discussion suggests that it was illogical. If K was large, 
even a small amount of antidote might be sufficient to maintain a 
threshold concentration of free antidote. A large excess of antidote 
will only be needed if it is necehsary to keep down tho concentration of 
free poison. 

This method of calculation is only useful when the total amounts of 
poison and antidote are known and the amounts free cannot be inde¬ 
pendently estimated. When this can be done it should ho possible to 
show by direct measurement that the concentration of free poison, or of 
free antidote, remains constant. 

Another important class of antidotes which act by combining with 
poisons includes the antibodies which appear in the serum of immunised 
animals. The quantitative aspects of this combination have been dis¬ 
cussed by Marrack. 1 * There are, of course, other example. 

The general conclusion is that the study of neu-tralising antidotes is 
unlikely to lead to new pharmacological knowledge, since they only act 
by reducing the concentration of free poison, and give no information 
about the action of the poison differ^t from that obtained by reducing 
the concentration in other ways. 


“ Woods, Bfit. J. Exp, Path,, 1940, »I, 74. 

^^Macrack, 1939. The Chemistry of Aimgens ani AnUbodies, M.R.C. Spec. 
Rep. Ser. No. SS30. 
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Antagonism by Competition. 

It is more profitable and interesting to study the drugs which antag¬ 
onise one another by competition, since it is possible in this way to find 
out something about the groups lor which they compete. A study of 
competitive antagonisms also leads to a convenient classification of drugs, 
since those drugs which have the same antagonists probably act on the 
same receptors. The word receptors is used here to denote the site of 
action of the drug and docs not imply any theory of its nature. 

When a drug has combined with the appropriate receptors in a tissue 
it may either produce a pharmacological response or it may do nothing 
but block up the receptors and so exclude active drugs. 

This process of competition has been attracting attention in many 
ways. It has long been known to students of enzymes.^*^ Hydrogen 
ions may compete with enzyme poisons, such heavy metals or basic 
dyes,^’ and hydroxyl ions may compete with acid dyes. Substances 
allied to the normal substrates of enzymes may also cause competitive 
inhibition. The pharmacological importance of competition was em¬ 
phasised by evidence that the actions of eserine were due to the accumula¬ 
tion of acetylcholine preserved by competition from destruction by 
cholinesterase and that the actions of ephedrine were similarly due to 
the preservation of adrenaline.Much work has been done on the 
antagonism between pairs of drugs, such as atropine and acetylcholine, 
or ergotoxine and adrenaline, which compete for the pharmacological 
receptors near nerve endings.^ 

The evidence obtained by Woods,working in Fildes's laboratory, 
that the action of sulphanilamide is due to competition between the 
drug and j>-amino-benzoic acid has attracted widespread attention and 
been generally accepted. It led to the discovery that ;^-aminobeiizoic 
acid is a growth factor for certain micro-organisms,*® and also mammals : 
it has, for example, been found to prevent grey hair in rats fed on a 
deficient diet,®>^ and in cats poisoned with hydroqTiinone.** Dr. Mcllwain 
has given us an able review of the developments in this field, including 
his own striking results, obtained after Dr. FSldes, and other members 
of the team, became engaged on work in connection with the war. 

The Combination of Drug and Tissue. 

Dr. Ing ® has given us an interesting account of the ways in which 
molcculc.s have been stripped of unnecessary coverings revealing the 
essential skeleton of what he calls pharmacodynamic groups. These 
groups arc sometimes present both in poisons and in their antidotes and 
are titierefore probably important for the combination of the dnig witli 
the appropriate receptors, rather than for its subsequent effect. It is 
possible that they represent the part of the drug which combines with 
the receptors by means of true valencies. 

Many drugs are bases and there is some evidence that tissues can remove 
such drugs from solutions by a proc^ of base-exchange such as occurs 
with pCTmutit.** In some cases there are two or more groups which 
probably combine by true valencies and the distance of these apart may 

Haldane, Engymes (Longmans Green, 1930). 

^•Myrback, Z. physiol. Chsm., X92&, 160. 

Quastel and Yates, Eruymologia, 1936, 1, 60. 

Stedman and Stedman, BiocMm. J., X93X, ag, 1x47. 

=1* Gaddum and Kwiatkowski, J. Pistol., 1938-39. 94 t 87. 

*® Rubbo and Gillespie, Naiure, 1940, 146, 838. 

Ansbacher, Science, 1941,93^ 164. 

“* Martin and Ansbacher, J. Biol. Chem., X94X, 138, 441. 

** Zipf, Arch. exp. Path. Pharmah., 1927, 134, *59. 
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be critical. The very specific effects of low concentrations of some drugs 
must depend on a very elaborate fit of the key in the lock, which I suppose 
depends on polar effects and on the shape of the rest of the molecule. 
When the fit is good enough, the receptors become saturated in the 
presence of particularly l<w concentrations of the drug which is then 
said to be very active. 

On the other hand I do not agree with the view that the activity of 
a drug probably depends on the ease with which it can combine with 
receptors. The competition which has been most accurately studied is 
the competition between oxygen and carbon monoxide for hajmoglobin. 
Both gases combine with haemoglobin in exactly the same way and their 
dissociation curves arc identical, except that the dissociation constant 
for Oa is about 240 times that for CO. This constant represents a balance 
of the opposing processes by which the gases combine with haemoglobin 
and dissociate again. Roughton »* has shown that both combination 
and dissociation are slower for CO than for Oj, but that the dominating 
factor is the high stability of carboxyhaemoglobin. Owing to this 
stability, CO is about 240 times as active a drug as O*. It seems to me 
likely that most highly active and specific drugs are also active because 
they form stable compounds with the tissues. An elaborate fitting together 
of molecules is clearly necessary and this is more likely to lead to stable 
combination than to rapid combination. 

Dr. Ing’s views on optical isomers axe interesting. If he is right it 
might be possible to demonstrate that perfused tissues remove the active 
isomer selectively from the perfusion fluid. 

Quantitative Theory of Competition. 

A simple theory accounts for the quantitative facts of competition in 
many cases.** Let Ci be the conc^tration of free active drug, or essential 
metabolite, or antidote, and let Cj be the concentration of free poison 
competing for the receptors. I.et a and b be the corresponding propor¬ 
tions of the receptors occupied by the two drugs, so titiat (i — a h) 
is the proportion of the receptors free. Then for equilibrium 

KiCi (1 — ar — 6) •= a and (i — a — 6) = 6. 

Elimination of b gives 

A'.C, = (1+A-,C.) . . . (2) 

When Cj =» o this reduces to a mass law equilibrium in its simplest form 
and has been used to express the uptake of oxygen by hsemoglobin, poisons 
or substrates by enzymes, and acetylcholine and adrenaline by pharma¬ 
cological receptors. It is identical with the formula used by I^gmuir 
to express the adsorption of gases.*’ When plotted on an arithmetic 
scale of concentration it gives a hyperbola, and when plotted on a loga¬ 
rithmic scale it gives the symmetrical sigmoid curve, which is well known 
as the titration curve of a buffer. This logarithmic method of plotting is 
convenient because it shows the rdlation of the simplest curves to those 
that are less simple. 

In the presence of a small amount of acid the curve connecting the 
concentration of oxygen and the percentage saturation becomes concave 
at low concentrations, but the curve obtained by plotting the logarithm 
of the concentration retains its s3nDQmetry and only becomes steeper than 
before. The results can be expressed with fair accuracy by replacing log C 



J. H. GADDUM 


329 


by n log C, or C by C" -where m = 2*5 (Hill **). This suggests a reaction 
of the second or third order, and it was thought at one -time that haemo¬ 
globin must be in aggregates each of which could combine with n molecules 
of oxygen. On this theory it is assumed that an aggregate caimot combine 
with a single molecule of oxygen, or if it does the compound so formed 
dissociates so rapidly as to make no significant con-tribution to the oxygen 
uptake. It was then shown, by observations of osmotic pressure and 
•with the ul-tracentrifuge, that hemoglobin dissolves in aggregates each 
of which could combine -with 4 molecule of oxygen, so that n should be 4. 
This vreis explained by Adair on the theory that each aggregate can 
combine with anything up to 4 molecules of oxygen and that the s-tabili-ty 
of the combination increases as the number of molecules of oxygen in 
each aggregate increases. This theory resembles Hill’s in suggesting 
that unsaturated aggregates are relatively unstable; it suggests that 
n < 4 because their stability is not negligible. 

The application of formula (2) to the antagonism of drugs on the re¬ 
ceptors at nerve endings has been studied in great detail,^ The relation 
between the concentration (Ci) of adrenaline or acetylcholine and their 
effects on a wide range of tissues is well expressed by this formula, if it 
is assumed that the effect is proportional to a. When the effect is plotted 
against the logarithm of the concentration of antidote the curve is the 
same shape and slope, either in the presence, or in the absence, of anta¬ 
gonistic ^ugs. The effect of the latter is merely to move the curve 
horizontally without changing its shape. This is explained on the theory 
•that the reaction between these active drugs and the receptors is always 
of the first order and that -the pharmacological effect is directly propor¬ 
tional to the amount of drug combining with the receptors. On the other 
hand the combination between anta^nists, such as ergotoxine and 
atropine, -with the receptors is not so simple and the results can only be 
expressed by a formula of the form 

Jf.C. = [I + (K-.CJ»] . . . (3) 

In this formula represents the reciprocal of the concen-tration causing 
a doubling of Q. The interaction of heavy metals and dyes and hydrogen 
ions are expressed by the same formulae.^ 

The quantitative aspects of the an-tagonism of sulphanilamide and 
^-aminobenzoic acid were discussed by Wyss," who arrived at an equation 
identical -with equation (2) above, though wi-th a different notation. He 
pointed out that the rate of growth should depend on a, and that his 
results indicated that the rate of growth in the exponential phase was 
directly proportional to a. Accor^g to Ha-vis and Hinshelwood * -the 
matter is more complicated -than Wyss supposed, since there may be two 
exponential phases of growth in the presence of sulphanilamide, and 
gro-wth never stops completely even in high concentrations of sulph¬ 
anilamide. 

The data given by Wyss for -the effect of Cg do not fit formula {2), 
but do fit formula (3) if » = 2. The results of Strauss et al,^^ appear to 
support this conclusion, since their results may be fitted by straight lines 
of slope 2, when log Ci is replotted against log C,. These data suggest 
that Ci/C* is not constant. On the other hand Wood found that Ci/C* 
was constant and his data suggest that n = 1. Similar -variations in n 
occur in experiments with ergotoxine and adrenaline, or -with atropine 
and acetylcholine.! They may parhaps be due to reactions of order 
different from 1, or to the fact that the concentration of the drugs at -their 

** Hill, J. Physiol.> iQio* 40, 4P. 

** Adair, J. Biol, them., 1925, 63, 529. 

80 -Wyss, Proc. Soc. exp. Biol,, X941, 48, 122. 

*! Strauss, Lowell and Finland. J. tUn. Invest,, 1941, ao, 189, 

»» Wood, J. exp, Med,, 1941, 75, 369. 
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site of action is not directly proportional to their concentration in the 
liquids in contact with the tissue or to failure to correct for the threshold 
concentration. 


Comparison of Formulae for Neutralisation and Competition. 


Tn comparing formula (3) with formula (i) it must be remembered 
that Cl and C2 represent concentrations of free drug, and x and y represent 
total concentrations. Tn experiments on competition it is sometimes 
possible, by maintaining a large excess of fluid in contact with the tissue, 
to ensure that the final free concentration is practically equal to the total 
concentration, but this is not always the case. Some of the variations 
in the value of n, discussed in the last paragraph, may be due to the 
assumption that Q and C, are equal to the total concentrations of the 
drugs. In any case it is clear that the relationships are similar in the 

two cases. When the re- 
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actions are of the first order 
the ratio of the concentra¬ 
tions is constant in either 
case, provided that a cor¬ 
rection is made for the 
threshold concentration of 
one of the drugs. In neither 
case is there any theoretical 
limit to the value of this 
ratio. It would probably 
not be possible to dis¬ 
tinguish between the two 
types of antagonism by 
studying the quantitative 
relationships, and this can 
only be determined from 
independent evidence that 
the drugs combine with 
one another, or would be 
likely to compete. 


Fio. 2,—Different typc.s of isobol separating 
conditions for growth (top left) from those 
for inhibition (bottom right). Logarithmic 
scales to base 10. 

ABC. No evidence of .specific antagonism. 

D. Direct neutralisation or competition. 
Equations of first order. On arith¬ 
metic scales this would be linear. 

EFG, Poison inhibits synthesis of an essential 
metabolite (the antidote). 


Other Types of 
Antagonism. 

Fildes *» hsus also drawn 
attention to other interest¬ 
ing typos of relation be¬ 
tween ]^ison and antidote. 
Tryptophane is essential 
for the growth of bacteria, 
which normally obtain it 


by synthesis from indole. Indol^icrylatc inhibits growth and the evidence 
■suggests that it competes with a hypothetical substance intermediate in 
the synthetic chain between indole and tryptophane. This was shown 
by the fact that a small amount of tryptophane completely antagonised 
the inhibition, and the amount required was practically unaffected when 
the amount of indoleacrylate was increased 5 times (FG, Fig, 2). There 


was no evidence in these experimente that indole had any antagonistic 
action at all (ABC), but it might be expected that a more detailed analysis 
woidd reveal a certain amount of graded antagonism over a small range 
of low concentrations. Neither substance showed graded antagonism over 
a wide imnge of concentrations such as occurs with direct competition 


»• Fildes, Brit, J, oxp. Path., i:94X, 92, 293. 
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(curve D) and would presumably be given by the h37pothetical inter¬ 
mediate substance. 

In this type of diagram, graded antagonism is shown by a sloping 
isobol. With linear scales and reactions of the first order, the isobol is 
straight. Owing to the wide ranges of concentrations involved it is often 
necessary to use logarithmic scales. If the reaction is of the first order 
the isobol is then as shown in curve D (Fig. 2) with a slope of 45®. If 
the isobol becomes parallel to one of the axes at high concentrations (BC 
or FG) it suggests that 
the concentration of the 
corresponding drug has 
risen above the threshold 
value required to pro¬ 
duce a maximal effect, 
such as saturation of an 
enzyme. If the curve 
becomes parallel to one 
of the axes at low con¬ 
centrations (AB or EF) it 
suggests that the opposite 
drug has fallen below a 
threshold value. If the 
actions of the two drugs 
are completely independ¬ 
ent a curve such as ABC 
is expected. 

Other examples of 
antagonism have been 
studied by McHwain 
who classifies competition 
as iype I of antagomsm, pxG. 3.—A method of tabulating results to show 
and results like those their quantitative relations. The figures denote 

wdth indole as type III, the growth observed at two different times, 

and describes an inter- Isobols are drawn between the figures to re¬ 
mediate type II, but says present any given amount of growth. In this 

nothing about the tvne antagonism is due to competition 

of antagomsm shown by (Monwain's data), 
tryptophane and indoleacrylic acid. 

The competition of O# and CO for Hb shows a curious paradox, since 
at low concentrations in the presence of acid the addition of one gas may 
incre^e the combination of the other with Hb.** In this region, where 
the dissociation curve is concave upwards, doubling the concentration of 
either gas, taken alone more than doubles the percentage saturation of 
the haemoglobin. If, therefore, the two gases are present together in 
equivalent concentrations the percentage saturation will also be more 
than doubled, and, since equal quantities of each combines, each increases 
the uptake of the other. 


Conclusion. 

The high activity and specificity of the action of many drugs depend 
on the intermolecul^ forces which bind them to appropriate receptors. 
As with the narcotics, we know comparatively little about how they really 
act once they have been concentrated at the site of action. In many 

»*McIlwain, Brit. J. exp. Bath., 1940, ai, 136 ; 1941, 32, 148 ; 1942, 33, 95, 
** Barcroft, Respiratory Fwictions of the Blood (Cambridge University Press, 
1928). 
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cdises this is a problem for students of enzymes, and it is to be hoped that 
they will continue to collaborate w'ith pharmacologists in this field. This 
collaboration has \videned our knowledge both o£ drugs and of enzymes. 

Pharmacnlogical Laboraiory, 

University New Buildings, 

Tevfot Place, Edinburgh r. 


GENERAL DISCUSSION. 

Dr. H. Mcllwain {Sheffield) {communicated) : 1 agree with Professor 
Gaddura that the study of drug-antagonism has proved an extremely 
valuable means of analysing the effects of drugs. I would like to emphasise 
an aspect of the subject which is complementary to that discussed by him, 
and which perhaps alters the balance of his conclusion (on p. 32^) that the 
antagonism of djnigs by neutralisation is a less profitable or interesting 
study than their antagonism by competition. The aspect in question is 
the natural occurrence of antagonistic substances. Thus, the finding that 
a particular type of compound is the most potent antagonist which can 
be extracted from the biological system affected, or from other natural 
sources, has an important bearing on the mode of action of the drug 
whether that be by neutralisation or by competition.*• In both cases the 
compound isolated has dual significance : its relation to the drug and to 
natural processes taking place independently of the drug. It is then a 
useful working hypothesis to assume that ^e processes affected by the 
drug are related to ones in which the antagonist, isolated from natural 
sources, takes part. Such studies have suggested acriflavine to act by 
combination with nucleotides,*’^ and mercuric salts by combination with 
sulphur-containing proteins.*® Without such analysis of natural systems, 
the selection of compounds for testing as antagonists is arbitrary, and 
those acting by neutralising may well have little significance. This was 
illustrated *• by considering the s3rstems which might be affected by hydro¬ 
chloric acid, whose antagonism by sodium hydroxide has little biological 
significance, while its antagonism by natural buffers and basic groups, has 
such significance. 

Tn investigating natural materials as drug-antagonists one must consider 
a wider array of modes of interaction than those selected by Professor 
Gaddum or enumerated in an earlier paper.** Four modes examined 
recently in such a study were the following: (i) Reactions between 
inhibitor and antagonist in the absence of '^e biological system. (2) 
Reactions in the presence of the biological system. These two may include 
the combination referred to by Professor Gaddum, but can occur through 
types of reaction between inhibitor and antagonist, other than their com¬ 
bination ; for example, inactivation of an inhibitor occurred through its 
reduction in the presence of the biological system together with antagonists, 
which probably functioned as hydrogen carriers. (3) Neutralisation of 
effects, but not necessarily chemical reaction between the two components, 
through independent actions on the biological system; for example, the 
antagonism of substances inhibiting bacterial growth, by others which 
independently promote it. (4) Neutralisation, but not chemical reaction 
between the two components, through related actions on the biological 
system. This would indlude such example as the antagonism by metMo- 
nine of the antibacterial action of sulphanilamide, as well as its antagonism 

** Mcllwain, Lancet, X942, 1 , 4x2. 

•’Mcllwain, Biochem. J., 1941, 35,1311. 

*• Snxith, OMwcaetzfcy and Mndd, Amer. J. Med, Sci., 1936, 192, 790. 

•* Mcllwain, Brit, J. exp. Path., 1940, ai, 136. 

••McDwain, Bioehem, J,, 1945, 37, 265. 
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by />-aminO“benzoate. The four modes of interaction, are placed in order 
of increasing specificity of interaction with the biological system and 
clearly admit of intermediate cases. 

I find very valuable Professor Gaddum's tabular representation of the 
interaction of drug and antagonist {cf. and am certainly in agreement 
in recognising the distinctive character of the interaction of indoleacrylatc 
with tryptophan. This (then unpublished) was not included with other 
types enumerated in 1940,®* as that analysis was of specific experimental 
results, but an analogous interaction is discussed later,*® and discriminated 
from other cases. The types ** were characterised by certain quantitative 
relations, and overlap with the above classification in terms of relationship 
to the biological component. 

*1 Kohn and Harris, J. Pharm. exp. They., 1943, 77 f i- 
*® Mclhvain, Biochem. ]., 1942, 417 


THE CELL METABOLISM OF THE MALARIA 
PARASITE IN RELATION TO THE MODE OF 
ACTION OF ANTIMALARIAL DRUGS. 


By S. R. Christophers. 


Received <^th August, 1943. 


In our investigation of the mode of action of antimalarial drugs it 
seemed probable to Dr. Fulton and myself that antimalarials of the 
quinine type might function through the inhibition of the enzymes re¬ 
sponsible for the cell metabolism of the parasite. We therefore took up 
tihe study of this question. We were in a good position to do so since 
we had been dealing for some time with parasite material as obtained 
from Macactes rhesus monkeys heavily infected with Plasmodium hnowlesi. 

Since we obtained interesting and suggestive results,^* ■ and others, 
especially Coggeshall and Maier,®* ® Velick • and more recently Wendel ’ 
have confirmed and extended these results, a brief summary of and 
comment on this line of work seems desirable. 

The material mainly employed has been that obtained from Macams 
rhest^ heavily infected with P. knowlesi. But other monkey parasites, 
P. inui and P. cynomolgi, as also the bird parasites, P. cafhemerium and 
P. lophurae have been studied in this connection by some authors. Such 
material may be either the centrifugally separated and washed large forraus 
of the parasite suspended in a suitable medium, or, as originally pointed 
out by us,*- whole blood will give satisfactory readings. When whole 
blood, defibrinated or heparinised, is used, all the elements of the blood 
including non-parasitised cells are present and the readings show difference 
between infected and normal blood. In the separated parasites obtained 
by centrifuging, remnants of the red cell surrounding the parasites are 
still present amounting usually to about one quarter of the material. 
Parasites completely free from red cell and apparently but little damaged 
can, however, be obtained, as shown by Fulton and myself,® through 


* C 3 mstopliers and Fulton, Ann. Trap. Med. and Par., 1938, 33, 43. 

® Fulton and Christophers, ibid., 77. 

®Goggeshall, J. Exper. Med., 1940, 71, 13. 

* Coggeshall and J. Inf. Dis., 1941, 69, 108. 

® Maier and Coggeshall, ibid., 87. 

* Velick, Amer. J. Hyg., 1942, 35, 152. 

’ Wendel, /. Biol, Chem., 1943, 148, 21. 

* Christophers and Fnlton, Awn. Trap. Med. and Par., 1939, 33, 161. 
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saponisation of the deposit. In all these forms of material Oj uptake 
can he demonstrated and measured. 

The method tiscd for determining Oj uptake has been by the Barcroft 
dijffercntial manometer, usually under aerobic conditions at 37° C. 

It has been established up to <late that 

(1) Suspensions of parasiti.sed cell de|x)sit, or heavily infected whole 
blood, consumes Oa at a rate very much greater than that which could 
arise from either the red cell substance or plasma present. Wcndel ’ 
notes that parasitised cells in one specimen consumed Og about 300 times 
as rapidly during the first measured period as do cells in normal blood. 

(2) Uptake occurs with only a moderate reduction using washed sapon- 
isod material containing no other elements than the parasites, provided 
glucose be present. 

(3) Uptake is proportional to the amount of parasite deposit or the 
nnmber of parasites in a given stage of development. 

(4) Uptake i.s much greater with the larger forms of the parasite than 
with the young stage. Velick * working with P. cathem&rkmi found 
uptake with heavily infected whole blood up to ten times greater in the 
later stages of the developmental cycle than at its commencement when 
the parasites were small. 

(5) Uptake can be inhibited by even minute traces of certain drugs. 

There would seem to be no reasonable doubt but that the very con¬ 
siderable O, uptake is due to respiratory metabolism of the parasite. 

Changes associated with respiration by trypanosomes have been 
investigated by a number of observers following upon the pioneer ob¬ 
servations on glucose and oxygen consumption by Nauss and Yorke.» 
O* uptake by these organisms has been investigated by Fenyvessy and 
Reiner, Kudicke and Evers, Reiner, Smythe and Pedlow,^® and 
Christophers and Fulton. ‘ It will be sufficient for our purpose to give 
the main facts that have been established. A suspension of trypanosomes 
put up under similar conditions to those employed for the malaria para¬ 
sites shows an enormous O# uptake. With a strain of T. rkodesiense 
Dr. Fulton and myself found an O* uptake during the first half hour at 
the rate of 19-4 ml. per hour for lo^® trypanosomes or determined on dried 
weight 00, = 285. If no glucose is added to the suspension this rate 
rapidly falls oS. and in quarter to half an hour from the using up of such 
glucose as may have been present m the serum, i,e., in about half an hour's 
time, all uptake ceases. Even if a considerable amount of glucose be 
added, say 0*2 per cent., uptake after an hour or so falls and rapidly 
comes to an end as this amount is exhausted. During this process in which 
glucose is used up add is formed. We found just under x molecule of 
glucose (o-g) used up and 2 molecules of monobasic add formed for each 
molecule of O, taken up. CO, is formed but in small amount, the respir¬ 
atory quotient for T. rkodesiense found by us being 0'i55. Those results 
are closdy parallel to those previously given by Reiner, Smythe and 
Pedlow for T. equiperdum. These authors found the chief products 
obtained to be glycerol anaerobically and pyruvic add aerobically. The 
respiratory quotient was again small, viz., 0*062, though for T. lewisi, 
a drfierent t^e of trypanosome, it was approximately i*o. 

Coming to observations on the malaria parasite O, uptake is likewise 
very considerable. Dr. Pulton and myself found it to be in the first half 
hour at the mte of 2*17 ml, per 10®* parasites per hour, or 8-9 times smaller 
than that for an equal number of ti^anosomes, which, however, parasite 
for parasite would be considerably larger. 0o, based on dried substance 

® Nauss and Yorko, Ann. Trop. Med. and Par., 1911, 5, 199. 

10 ifenyvessy and Reiner, Z. Byg., 1924, loa, 109, 

11 "B&xyvassy and Reiner, Z., 1928, 75, 

Kudicke and Evers, Z. Hyg., X924, JOI, 317. 

wRedner, Smythe and Pedlow, J. Biol. Chem., 1936, 113, 75. 
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as determined after saponisation was 35, again about 8 times smaller than 
that for trypanosomes. Nevertheless, though considerably smaller than 
that for trypanosomes, Og uptake for malaria parasite substance is rela¬ 
tively quite large as compared with figures given by different observers 
for tissue determinations. Our figure of QOa = 35 was the mean of a 
large number of experiments using full grown or nearly full grown para¬ 
sites. Wendel ’ working with parasites in different stages of develop¬ 
ment found Og consumption in 35 samples to vary between 157 and 2280 
ml. per lo^* cells per hour, uptake being greatest with the large preseg- 
menW forms. Velick * using whole blood with P. cathemevimn found at 
the stage of maximum development of the parasite cycle a difference up 
to 10 tames the uptake when the parasites were small,^ 

A curious feature of Og uptake by parasites, and in marked contrast 
to that by trypanosomes, is that uptake continues apparently indefinitely 
whether extra glucose has been added or not. There is never the rapid 
fall off due to exhaustion of the glucose seen in tr3?panosome material. 
Indeed this steady uptake continued for many hours (as much in our ex¬ 
perience as 10 hours on one occasion) is a very characteristic feature of 
Og uptake by parasites. Nevertheless glucose when present is utilised. 

That the continued uptake is merely due to there being sufificieut 
glucose normally present in the serum or red cells does not seem to be 
the explanation. Wendel says “ glucose initially present in a sample of 
moderately or highly parasitised blood is destroyed during the first hour 
of incubation in vitro, yet at such time P. hnowlesi may continue respiring 
at a constant or even accelerated rate." It is not due to glycolysis by 
normal blood, as this author found, as we did, that the blood of norm^ 
monkeys and normal red cells from infected monkeys destroys glucose 
quite slowly. According to Wendel normal cells destroys glucose at 
an average rate of 20 mg. per hour at 37® C., whereas parasitised cells 
destroy it from 5 to 70 times as rapidly. He also found this rate to be 
increased imder anaerobic conditions but not with normal red cells. 

As to the amount of glucose used up, Fulton 1* found this to be at the 
rate of 2*2 mg. in hours by 800 million parasites. This is equivalent 
to 18-4 mg. by 10^® parasites per hour or, reducing to molecular propor¬ 
tions, 1*02 mols. of glucose to 0*98 mols. of Og, takmg the figure fear Og 
uptake we have previously given. It would therefore appear tt^t, as with 
trypanosomes, the amount of glucose used up as compared to O® uptake is 
approximately unity. 

Dr. Pulton and myself were unable to demonstrate by determina¬ 
tions that acid was formed in any appreciable amount. More recently 
Wendel ’ working with P. knowlesi found that if 400-500 mg. glucose be 
added to the suspension the falls progressively until ^ glucose is 
destroyed or until pm 5*5 is reached at which point respiration and glyco¬ 
lysis ceased. This author found approximately half of Ike destroyed 
glucose to be converted to lactic acid, the remainder being only partially 
oxidised. 

Of a large number of sugars tested by Fulton with P, knowlesi only 
laevulose, maltose and mannose were found capable of giving an increase 
in Oj uptake, but glycerol was utilised. A similar result in the main was 
obtained by Maier and Coggeshall.® They found succinate, fumarate, 
malate and citrate were not utilised, but fructose, mannose, as ^so glycerol 
and lactate were. Wendel ’ believ^ from his experiments that respiration 
was only indirectly dependent upon glycolysis, but was due to lactate 
metabolism. 

The respiratory quotient for P. knxmUsi was found by Christophers 
and Fulton ^ to approach unity (o*86). Velick • working with P. caihe-^ 
VMrvum obtained fij^es for the respratory quotient in 9 birds varying 
between 0*61 and 0*94, the mean b^g 0*78. There is thus a marked 

** Pulton, Ann. Trop, Med. and Par., 1939, 33, 217. 
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contrast in this respect to the trypanosomes T. Yhodesiens& and T. 
equiperdum where the quotient is in both cases under o*2. 

Time docs not permit of these metabolic processes being discussed 
in further detail. In the main both in trypanosomes and malaria parasites 
the cliief features are the utilisation of glucose, the taking up of oxygen 
and the formation of acid. But there are evidently some differences. 
These are even more strikingly apparent when one comes to consider the 
fundamental enzymic processes involved. Unfortunately these have as 
yet been very inadequately investigated. 

We know that in the case of tr^anosomes methylene blue is actively 
reduced in the Thunberg tube and presumably a hydrogenase system is 
involved. But the nature of the oxidising part of the system is as yet 
entirely unknown. Respiration is not inhibited by cyanide as is markedly 
the case with the malaria parasite showing that there is a different mechan¬ 
ism involved. In the case of trypanosomes deprivation from glucose for 
as short a period as 15 minutes completely does away with the power to 
restart 0 » uptake when glucose is later added. Very possibly this is due 
to the tact that deprivation of glucose leads to rapid lysis of the organisms. 
Tt is of interest in such experiments to see that deprivation of glucose has 
all the appearances of addition of some powerful toxic drug. 

The EQalaria parasite probably also works through a hydrogenase 
system, but this so far has not bom demonstrated owing to the fact that 
the presence of red cell itself reduces methylene blue in the Thunberg 
tube and attempts to investigate this point further have not been made. 
Oj uptake by P. knowlesi is immediately and strongly inhibited by cyanide, 
Velick * working with P. cathsmevium also found O# uptake to be com¬ 
pletely inhibited by C3ranide, and considers that it is likely therefore that 
the final stages of the biological oxidations in the parasite arc catalysed 
by the cytochrome: cytochrome-oxidase system. Velick found demon¬ 
stration of cytochrome-oxidase activity to be made difficult by the fact 
that the parasite must fitst be isolated from a system which itself contains 
the enzyme. But it was possible to demonstrate an increase in oxidase 
activity during progress of the developmental cycle. The method em¬ 
ployed was the rate of oxidation of ;^-phenylene diamine. Though subject 
to interference by the presence of red cells the rate was found to augment 
as the parasite cycle advances, and at full maturity of the parasites it may 
be more than double the original rate when only young forms of the parasite 
were present. The activity, however, is not strictly parallel to the increase 
in O, uptake, 

KeiKn and Hartree have made very clear the mechanism of working 
of cytochrome oxidase and hydrogenase systems. Hydrogenase specific 
for succinate leads to a transfer of Hs provided a suitable source of 
is present. If methylene blue is present this is made use of and re¬ 
duced in the process to the leucobase. Under normal conditions in 
the cell cytochrome c is present and is similarly reduced. But in the 
presence of indophenol-oxidase, which is specific for the reaction, the 
cytochrome is reoxidised from the atmosphere, thus acting as a “ hydrogen 
carrier.'* Interference with any part of the chain would inhibit O, uptake. 
Where, as in some other systems, a co-enzyme or more than one co-enzyme 
enters into the reaction, any chemical or other destruction or blocking of 
such will also lead to inhibition of O, uptake. Inhibition of cdll respiration 
is closely linked with lethality. We are thus brought to the importance 
of these enzymic activities in relation to the effects of lethal drugs. 

Quinine and many compounds of this general t3Tpe have long been 
known as inhibitors of enzyme activity and have been much studied from 
this point of view by Kona and Bloch and others. It seems not at all 
improbable in view of Idjis property that quinine and other antimalarial 

Keilin and Hartree, Ptoc. Roy, Sac. B., 1937, laa, 298. 

Kona and Bloch, ^ochem, Z., 1922, 198, 169. 
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drugs of this general type may exert their efiects on the enzymes of the 
parasite by acting in tiiis way in the body. Added to the experimental 
flask even in minute amounts such compounds inhibit Oj uptake by the 
parasite. They can be tested in this way and depending upon the con¬ 
centrations at which they act can be given a coefficient of inhibition.® 
In their action thus in vitro there is often a suggestive relationship to thera¬ 
peutic effectiveness. Thus among substances tested by Dr. Fulton and 
myself, quinine, atebrin and plasmoquin all actively inhibit O, uptake 
by P. knowlesi, and in much the same proportion as their therapeutic 
efficiency. A number of sulphonamide compounds have been tested in 
the same way by Coggeshall and Maier.* 

That a test of this kind could be used as a short cut to determining 
the therapeutic effectiveness of different drugs could obviously not be 
claimed. At the same time it is not unreasonable to suppose that a direct 
effect im vitvo of this kind may actually be an indication of the mode of 
action therapeutically. Also an absence of effect would appear to exclude 
action of a direct kind in the body. A good example of the latter is the 
contrast of the in vitro effect of pentavalent arsenical compounds on 
trypanosomes with that exerted in the body. It is generally agreed that 
these compounds are active therapeutically only because in the body they 
become changed slowly to the trivalent form. In conformity with this 
conclusion is the fact that whilst the pentavalent compounds do not act 
as inhibitors in vitro, the trivalent compounds are very powerfully in- 
hibitive. Again Coggeshall and Maier * found sulphanilamide, sodium 
sulphathiazole and sodium sulphapyridine active in vitro in inhibiting 
O, uptake by P. knowUsi, " Prontosil" and sulphadiazine were found 
inactive. The latter is extremely insoluble. “ Prontosil ” is believed to 
be effective therapeutically only because it is split up in the body. 

It is not, however, as a test, or short cut to looldng for new effective 
compounds that investigation on these lines has its greatest interest or 
value. Could we determine what particular link in the cell respiratory 
mechanism was broken by a particular type of inhibitor and why, wc 
should be in a much better position than we are at present to collaborate 
with the chemist in the synthesis of new compounds, assuming that it is 
actually in this way that antimalaiial drugs act in the body. 

It is improbable that every type of drug showing activity against the 
parasite acts in the same way, but among those which it may reasonably 
be supposed may act by being enzyme inhibitors are quinine and the 
other cinchona alkaloids, various derivatives more or less on the quinine 
model, compounds of the plasmoquin type, compounds related to atebrin 
and probably some less well known synthetic compounds with the same 
general chemical structure. The mo^ outstanding feature of all these 
is that they are complex organic bas^. Basic charact«rs would seem in 
fact to be essential if substances of this type are to be effective in either 
role. Substitution of groups which eliminate the basic groups in the 
quinine molecule produces compounds inert against materia. Schule- 
mann speaking of the search for a synthetic antimalarial compound 
which led to the discovery of plasmoquin said that until a basic component 
was included in the molecule no success was achieved. It seems not 
impossible that their basic make up is responsible for the effect of these 
compounds upon cell metabolism and possibly for their antiirifl-la rial 
activity. 

But their basic make-up is comprised in their constants. These, 
along with solubility, determine almost all the reactions of any given 
base in the test tul^, decide the extent to which it will act as a base at 
any given ^h, control the proportions of free alkaloid and salts under any 
given conditions, j6bc the jrg. of its solutions, the proportion of monovalent 
and divalent salts and many other properties. Apart from solubiHtj’', 

Schnlemann, Proc. Roy. Soo. Med., 1932, 35, 897. 
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and excluding molecular disruption, its pk constants make up almost 
in entirety its characters as a base. It seems therefore not unlikely that 
the inhibitor and antimalarial effects of such compounds are not so much 
a direct result of molecular structure as an indirect effect of this working 
through their basic make-up. If this be really so it has a very important 
bearing on the line of approach to synthesis of new antimalarial compounds. 

Conclusions. 

1. The respiratory metabolism of P. knowlesi, P. imii, P. cynovnologi, 
P. caihemeriitm and P. lophura is characterised by utilisation of glucose, 
the taking up of Oa in approximately equal molecular proportion and 
formation of lactic acid. According to Wendel ’ the direct substrate is 
lactate, glucose being utilised only indirectly. 

2. The process appears to depend upon a hj^drogenase-cytochrome- 
oxidase system, but has as yet been imperfectly investigated. 

3. Conspicuous among agents inhibiting such metabolism are basic 
alkaloid or alkaloidal-like substances including quinine, plasmoquiu and 
atebrin with other antimalarial compounds of this type. Investigation 
of such inhibitor effect is important l^th as an in vitro test and in funda¬ 
mental research upon the mechanism of action of antimalarial drugs. 

4. The basic make-up of these compounds expressed by their ph con¬ 
stants may be more concerned in such effects than their actual molecular 
structure. 
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GENERAL DISCUSSION. 

Dr. H. R, Ing {Oxford) said : If the important feature of the inhibitory 
activity of quinine, plasmoquin and atebrin are the pk values of the two 
basic groups, and if the molecular 
structure of antimalarials of this type 
is only important in the sense that it 
determines these pk values, it follows 
that any organic molecule containing 
two basic groups with the right pk 
values should possess inhibitory activity 
on the malarial parasites. Such a view 
would open an enormous field to the 
organic chemist, but it seems more 
probable that the ph values constitute 
limiting factors on molecular structures 
which on other grounds possess anti¬ 
malarial properties. 

It is wrorth noting in this connec¬ 
tion that the apparent pk values of 
nicotine are closer to those of the quinine 
alkaloids than those of atebrin and 
plasmoquin. 

Sir Rickard Christophers {Cambridge)^ in answer to Dr. Ing, said: 
The idea that if wre knew what were suitable pk values for a b^ the 
molecular chemist might help in the search for new aatiinalarial compounds 
was certeinly in my mind, A trial on these lines was certainly worth 
making. Some of the alkaloids whose basic make-up was suitable might 
quite well be effective against malaria, but this could never be tried be- 


_ aidino (a) 
Cinchonine (a) . 
Cinchonidine {a) 
Kicotme (a) 
Atebrin (6) 
Plasmoquin (c) . 


PH 

PH 

5-97 

9*70 

5.70 

9-85 

5*43 

I0‘00 

5-85 

9*93 

5-80 

10*03 

6-i6 

10*96 

3*88 

6*47 

3’93 

10*51 


(a) Kolthoff, Biochem. Z., 
1925. *d2, 289; (6) Christophers, 
Ann. Trap. Med. 1937, 3 *f 43 : 
{c) idem., ibid., 1940, 34,1. 
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cause they were highly poisonous due to other features in their molecular 
structure. 

Prof. J. H. Gaddum {Edinburgh) said : This kind of experiment is apt 
to give Tnigi ft gHin g results if it is necessary to use high concentrations of 
drugs to get an effect. Were the concentrations actually used of the same 
order as those present in the blood when the drugs are used therapeutically ? 

Sir R. Christophers, tn reply to Prof. Gaddam, said : The concentra¬ 
tions used in our inhibition experiments were often quite of the order in 
which drugs might occur in the body. In an experiment lasting a relatively 
short time, however, higher concentrations might be necessary to give 
results than might be effective in many hours in the body. 

Mr. F. Hawking (Hampstead) said that Sir Rickard Christophers’ 
conception that antimalarials are strongly basic does not conform with the 
fact that sulphonamides, which have an antimalarial action, are approxi¬ 
mately neutral, or faintly acid in solution. 

Prof. Gaddum said: This technique seems to offer a good oppor¬ 
tunity of finding out more about the mechanism by the study of antag¬ 
onists. Has any search been made for substances which might antagonise 
the action of drugs in experiments of this kind on malaria ? 

Sir R. Christophers, in reply, said: It is very improbable that all 
drugs having an effect in naalaria work through the same mechanism. I 
was careful in my paper to speak of drugs of the quinine, atebrin, plasmo- 
quin type. One would expect an arsenical compound or a sulphonamide 
to work in a different manner. 

Dr. H. Hurst (Cambridge) said : One of the chief difficulties in the 
interpretation of antimalarial toxicological data lies in the lack of precise 
knowledge as to the actual site of drug interaction in the parasite. The 
experimental evidence suggests that the drug-receptor groups in the 
parasite enayme systems are separated from the external drug phase by 
a protective cell wall which has a lipo-protein mosaic ultrastructure. In 
systems of this type, selective drug interaction with the cell wall may 
obscure more speciffc interaction with the enzyme system, and this may 
account for the lack of consistency which is apparent in attempts to 
correlate the antimalarial activity of a drug with expressions of chemical 
reactivity involving specific pharmacodynamic groups in the drug molecule 
and drug-receptor combinations. Theories of drug action involving highly 
specific drug-enzyme-substrate associations are only valid when the dis¬ 
turbing influence of a selective rate of drug access to the site of action 
has been evaluated. The decrease in drug reactivity with the elimination 
of the basic groups in alkaloids such as quinine is consistent with a corre¬ 
sponding decrease in drug mobility along the network of functional lipo¬ 
protein interfaces of the cell wall framework. The basic groups of the 
drug molecules appear to exert a " carrier ” action on the tog molecules 
which involves polar interaction with the protein components of the cell 
wall associated with selective penetration or perhaps dispersion of this 
phase. In this way, the accessibility of the pharmacodynamic portion of 
the tog molecule which brings about inhibition of enzyme activity may 
be greatiy influenced. The possibility also exists, however, that change 
in the basic portion of the tog molecule may influence to some extent 
tog reactivity at the ultimate site of action in the parasite. Similar 
results have been with insecticidal drugs, where reactivity involves a prior 
penetration through a relatively macroscopic lipo-protein framework of 
the insect cuticle. 

Sir R. Christophers, in reply, said: So far as I am aware, nothing is 
known regarding the distribution of enzymes in the malaria parasites or 
the intimate surface structure of these organisms. 
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Sleeping sickness, or human trypanosomiasis of Africa, may be regarded 
as a disease of essentially two stages. In the first the infection is practic¬ 
ally limited to the blood and the lymphatic system. After a variable 
time, during which the tissue-.spaces of various organs may or may not 
be invaded, there follows the second and very serious stage, in which 
some of the trypanosomes have found their way into the substance of 
the brain. A drug intended as a remedy for sleeping sickness has there¬ 
fore a considerably more exacting task to perform in the second than in 
the first stage of the disease, for the reason that those parasites which 
have penetrated beyond the blood-stream into intimate r^tionship with 
the brain-cells are, in their new situation, relatively sheltered from direct 
impact with trypanocidal agents circulating in the blood. The drug 
or its metabolite has now to find its way, or to exorcise its influence, beyond 
the blood-brain barrier. It is accordingly important to understand the 
nature of this barrier and to define the extent and conditions of its 
resistance to the passage of trypanocides into the extravascular portions 
of the brain. These are, however, matters about which much remains 
yet to be explained, and the fiield should be a most fruitful one for the 
combined eflEorts of biologists, chemists, and physical chemists. I intend 
here to present some facts and opinions as a basis for discussion and 
further work on the subject. 

Localisation of the Blood-brain Barrier, and its Relationship 
to the Oerebro-spinal Fluid. 

The term “ blood-twain barrier ” {parrihre Jtdmaio^encdphdlique) was 
introduced by Stem,^ and its lack of anatomical precision indicates 
the uncertainty that has existed as to its exact localisation, and also 
that its functions are probably to be regarded as not being exercised 
by a single strictly delimited organ or system. In fact Stem suggested 
that the term might be considered not in a purely anatomical sense, but 
rather as applicable to the mechanism which exercises a selective control 
over the passage of substances from blood to bram. It is, however, con¬ 
venient to follow the practice of subsequent writers who have used the 
term as much in an anatomical as in a functional connotation. In the 
dmwing (p. 341) I have attempted to show diagrammatically the ana¬ 
tomical relationships of the organs and fluids concerned. 

It seems certain that the blood-brain barrier is mainly localised in the 
walls of the cerebral capillaries (Spatz »; Friedemann •» *); that is to say 
the passage of substances from blood to brain-cells presumably occurs, 
for greater part, directly from the cerebral capillaries through the 
capillary endothelium into the intercommunicating perivascular and 

1 Stem, Schmntg. Arch. Neurol. PsycHai,, X921, 8, 215. 

* Arch. f. Psyi^iai., 1933, ^^7- 

* gttedeioarm. Lancet, 1934, ** 7^9/ 775 « 

” * Friedemann, Physiol Reo., 1942, aa, lad. 
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pericellular spaces surrounding the brain-cells. There is little doubt 
that this view is more tenable than theories {e.g. Stem; « Monakow «) 
criticised by Spatz and by Friedemann, which regard the choroid plexus 


Piagram showing 
relationship of the 
blood-brain barrier 
to the cerebro¬ 
spinal fluid. Source 
and circulation ol 
the latter are mainly 
as indicated by the 
arrows, but some 
is believed to be 
formed also in the 
perivascular spaces 
and poured into 
the subarachnoid 
space. 


or the meningeal vessels as essential parts of the blood-brain barrier, and 
according to which, therefore, substances finding their way from the blood 
to the immediate neighbomrhood of the brain-cells must necessarily pass 
through the cerebro-spinal fluid. 

The Need of a Technique for determining the Ability of 
Trypanocides to appear beyond the Blood-brain Barrier. 

It is obvious that, in the purposive search in the laboratory for com¬ 
pounds worthy of trial against sleeping-sickness, it would be of very 
considerable value to have some simple technique which would indicate 
whether a drug introduced into the blood-stream is capable of appear¬ 
ing, in trypanocidal form, beyond the blood-brain barrio, in the peri¬ 
vascular and pericellular spaces, where it would come into direct contact 
with trypanosomes in second stage sleeping-sickness. The classical 
method of selecting potential sleeping-sickness remedies on the basis of 
their therapeutic ^fect on the acute septicaemic trypanosome infections 
of mice clearly does not suffice. This is strikingly illustrated by the 
case of Antrypol (Bayer 205, Germanin).* In the mouse -this compound 
has an exceptionally high therapeutic index (Haendel and Joetten ; Meyer 
and Zeiss ; Wenyon; Yorke, Murgatroyd and Hawking 1®} far 
outstripping tryparsamide, yet it has proved considerably inferior to the 
latter compound in second stage sleeping-sickness. The inadequacy of 

* Stem, ScAweit;!. Med. Woch., 1923, 53# 792, 

* V. Monakow, Sckweitz. Arch. Neurol. Psychiat., 1921, 8, 233. 

* The formulae of compounds referred to in this paper are given in an Appendix. 

’ Haendel and Joetten, Berl. kltn. Wschr., 1920, 57, 821. 

« Mayer and Zcass, Arch. Schiffs- u. Tropefihyg., 1920, 34, 257. 

* Wenyon, Brit. med. J., 1921, a, 746. 

« Yorke, Murgatroyd and Hawing, Ann. trop, Med. Parasit., 1931, ag, 313. 
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tests on infections in mice in the preliminary laboratory evaluation of a 
drug was well realised by Brown and Pearce in their studies on try- 
parsamidc, prior to its ac^al use against sleeping-sickness. They stressed 
the importance, in such preliminary work, of making some determination 
of the drug’s power of penetration into the extravascular tissues, and 
this they considered could suitably be done merely by measuring its 
therapeutic potency in the chronic infections of rabbits, in wliich try¬ 
panosomes are to be found not only in the blood but also in tissue-spaces 
in various parts of the body. They found that in mouse infections by 
Trypanosoma brucei, T. gambiense and T. equinum the therapeutic index 
of ^parsamidc could be described as no more than “ fairly good but 
by no means equal to that of a number of well known substances, such 
as arsphenamin and neo-arsphenamin, and it is distinctly inferior to that 
of arsenophenyl-glycine or even arsacetin.” However, in well-developed 
rabbit infections they were satisfied of the superiority of tryparsamide 
for the reason that, unlike the other arsenicals, it was curative in the 
same dose per unit bodyweight as for the acute infections of mice. Inter¬ 
preting this as evidence that the drug possessed a high degree of what they 
termed “ therapeutic penetrability,” Brown and Pearce regarded it as 
the one feature more than any other which justified its trial in naturally 
occurring trypanosomiasis. However, in spite of the example of try¬ 
parsamide, experience has shown that we still cannot gain a sufficient 
idea of the potential usefulness of a compound in late sleeping-sickness 
by the mere practice of supplementing tests on the acute mouse septi¬ 
caemia by further tests on the chronic rabbit infection. This is well shown 
in the results obtained with drugs which have recently been tested against 
sleeping-sickness in Africa, namely the arsenical compound Neocryl, and 
the diamidines, Stilbamidine, Pentamidine and Propamidine. Neocryl 
had previously been found by Yorke and Murgatroyd to be more effective 
than tryparsamide in rabbit infections, but it has since proved to be less 
so in actual late cases of sleeping-sickness (Acres Similarly the di¬ 
amidines mentioned were found to be superior to tr^arsamide in rabbit 
infections (Lourie and Yorke i*) but not in late sleeping-sickness (Harding, 
Bowesman, Lourie, Lawson **). 

It is clear that we need a more direct means of deciding whether a 
drug has the power of appearing in trypanocidal form beyond the blood- 
brain barrier. The use of dyes, as in the pioneer work of Ehrlich,^* is of 
only limited value in this connection. Thus, if the brain-cells are stained 
after intravenous or .subcutaneous injection of a trypanocidal dye, one 
may indeed infer that the blood-brain barrier is permeable to that par¬ 
ticular compound, but no safe assumption may be made on the important 
question of its concentration in the perivascular and pericellular spaces 
of the brain. If on the other hand there is no staining of the brain- 
cells, this does not necessarily mean that the dye has not reached the 
tissue spaces, for the explanation may simply be that the brain-cells lack 
an affinity for the dye (King *“). In the case of the arsenical drugs in 
general one may of course estimate the amount of arsenic which lodges in 
the brain after an intravenous injection, and if this proves to be more 
than can be accounted for by the blood present in the specimen examined, 
one may assume that arsenic has passed the barrier (if it has not been 

Brown and, Pearce, J, Amer. med. Ass., 1924, 8a, 5. ' 

Yorke and Murgatroyd, Brif. med. J., 1936, i, 1042. 
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disproportionately adsorbed to the waJls of the blood-vessels). But this 
will give no incEcation as to whetibier the form which it has assumed beyond 
the barrier, in the perivascular and pericellular spaces, is or is not trypano¬ 
cidal. One would wish, if it were possible, to obtain samples of the fluid 
in these spaces for tests of tr3T)anocidal activity but it seems to be 
technically quite an unattainable ideal adequately to tap these micro¬ 
scopical channels. 

It has frequently been assumed that the power which a drug possesses 
of penetrating the blood-brain barrier after introduction into the blood¬ 
stream may be judged by its subsequent identification in the cerebro¬ 
spinal fluid, i.e. that if a compound appears in the cerebro-spinal fluid 
it must therefore be capable of appearing in the tissue spaces of the brain. 
This is, however, an unjustifiable assumption, when one considers the 
commonly accepted theory of the origin and circulation of the cerebro¬ 
spinal fluid in the cranial cavity (see diagram). The fluid is believed to 
be formed mainly by the choroid plexuses in the cerebral ventricles; it 
then passes through the Foramina of Magendie and Luschka into the 
subarachnoid space, whence it is absorbed into the blood-stream mainly 
via the arachnoid villi in the cranial venous sinuses. It may be seen that 
this circuit does not anywhere traverse the brain-tissue, and it follows 
therefore that if, after administration say intravenously or by mouth, a 
drug be detected in the cerebro-spinal fluid, this is no reliable indication 
that it ha^ penetrated the blood-brain barrier, or that it will do so. 
One must, however, not lose sight of the fact that, although the bulk of 
the cerebro-spinal fluid is believed, on very good evidence, to be produced 
by the choroid plexuses, it seems probable that a small quota is also 
contributed by fluid reaching the subarachnoid space directly from the 
perivascular spaces of the brain (Weed *i). While it remains true, there¬ 
fore, that a compound found in the cerebro-spinal fluid has not necessarily 
traversed the tissue spaces of the brain, yet it may to some slight extent 
have done so. There can likewise be no unequivocal interpretation of a 
failure to detect the compound in the cerobro-spinal fluid. While this might 
well mean that it had not passed the blood-brain barrier, there does remain 
the possibility that it may in fact have been in effective concentration in 
the minute perivascular spaces of the. brain, but on reaching the sub¬ 
arachnoid space it may have become so diluted, in the bulk of fluid formed 
at the choroid plexuses, a..s to be no longer detectable. 

The position seems to be then that there is no unexceptionable means 
at our disposal of directly determining whether a drug has or has not 
the power of appearing, in trypanocidal form, in the tissue spaces of 
the brain. Probably our nearest approach to the decision would He in 
examination of the cerebro-spinal fluid, although on theoretical grounds 
this method remains subject to serious doubts and questions. There is, 
however, the following further consideration in favoxir of testing the 
penetrating powers of potential trypanocides into the cerebro-spinal 
fluid. The simple statement that in second stage sleeping-sickness some 
of the trypanosomes find their way from the blood to the tissue-spaces 
of the brain does not necessarily imply that they always do so exclusively 
by direct passage through the capillary walls. Although characteristically 
they are easily demonstrable in the cerebro-spinal fluid in late sleeping- 
sickness, there are, in fact, very few recorded observations of trypanosomes 
actually seen in sections of br^n, and there is no certainty as to the usual 
route by which they pass from tire blood to the extravascular portions of 
the brain. They have been found in the latter situations in Tnsm by 
Stevenson, **•»’ and in experimental animals by Wolbach and Binger,** 

« Weed, Physiol. Rev., 1922, a, 171. 

Stevenson, Tram. R. Soc. trop. Med. Hyg., 1922, 16, 135. 

** Stevenson, ibid., 1923, 16, 384. 

“ Wolbach and Binger, /. med. Res,, 1912, ay, (New Series aa), 83. 
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Stevenson,®’ Perazzi,’® and Hoeppli and Rogendanz.” Wolbach and 
Binger iound tliem to be present in considerable numbers not only in the 
peiivascular spaces and in the perivascular cellular infiltrations typically 
associated with brain-involvement in trypanosomiasis, but also actually 
in the Willis ol small blood vessels and capillaries, 'this suggests that, 
as has iilten been assumed, the tryiianosomos do paSvS directly from 
blood-capillaries to the perivascular spaces. However, Stevenson, 
Peruzzi, and Hoepph and Regendanz lound them in masses in the choroid 
plexuses, and it is likely that in most of the cases of sleeping sickness in 
which ti^anosomes are present in the ccrcbro-spinal fluid the organisms 
in this situation derive immediately from the choroid plexus. If this 
be so, then trypanosomes which invade the brain, in second stage sleeping- 
sickness, may do so, at least in some cases, via the ventricular or sub¬ 
arachnoid cerebro-spinal fluid, rather than directly through the walls 
of the cerebral capillaries. Quite independently of its powers of pene¬ 
trating the cerebral capillary walls, therefore, a drug which can attack 
trypanosomes in the ventricular and subarachnoid spaces should be 
preferred, on theoretical grounds, to one which acts only within the 
blood-stream. 

Trypanosomes which pass from the cerebro-spinal fluid into the brain 
substance probably do so by journeying up the perivascular and peri¬ 
cellular spaces (see diagram) and no doubt their motile powers would 
facilitate iienotration in what might otherwise be an unlikely direction. 
The idea that trypanosomes are possibly capable of passing from the 
circulating blood to the brain via the cerebro-spinal fluid raises again the 
question whether drugs may not, after all, follow a similar route, in 
accordance with the discredited theories of Stern and Monakow,®. • 
mentioned above. In other words, if a compound be shown to have 
reached the cerebro-spinal fluid from the blood-stream, may we expect 
it to flow or diffuse into the brain along the perivascular and other similar 
microscopical channels ? It is perhaps reasonable to expect such a 
diffusion particularly if the concentration of the compound in the cranial 
venous sinuses be considerably higher than in the cerebro-spinal fluid, 
as would certainly be the case atter the intravenous injection of some 
drugs. It is generally believed, however, that the actual flow of fluid 
in the perivascular spaces is normally in the outward direction, towards 
the surface of the brain. In this connection it is worth mentioning, in 
passing, that there is evidence (e.g. Weed and McKibben; Foley •“), 
that the normal direction of flow in these spaces can be reversed by the 
osmotic effects of the intravenous injection of strongly hypertonic solu¬ 
tions of sodium chloride. Weed and MeJECibben describe the process as 
the dislocation of a considerable quantity of the cerebro-spinal fluid 
into the nervous system." In the light of this it might be worth while 
to explore the therapeutic potentialities of combining treatment by drugs 
known to be capable of penetrating into the cerebro-spinal fluid with the 
intravenous injection of strongly hypertonic sodium chloride solutions, 
in advanced sleeping-sickness. 

Estaminatioa of Trypanocidal Power of the Cerebro-spinal 
Fluid after Intravenous Treatment. 

The trypanocidal power of cerebro-spinal fluid after intravenous in¬ 
jection of various arsenicals has been tested by VoegtHn et aZ.” and by 

“ Peruzzi, " Final Report of the League of Nations International Commission 
on Human Trypanosomiasis,” Geneva, 1928. 

Hoeppli and Regendanz, Afoh. Sekiffs^ u. Tropenhyg., X930, 34, x and 67. 

Weed and McKibben, Attun'. J. Physiol., 1919, 48, 531, 

** Fdey, Arch. Newrol. Psyehiat., 19*1, 5, 744, 

*• VoegUin, Smith, Dyer and Thompson, Blth. Rop,, X923, 38, 1003. 
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Hawking et Voegtlin used rabbits, and his method was to 

trephine the skull and then to inject trypanosomes into the subarachnoid 
space and the drug into the marginal ear vein. After 24 hours the an mini 
was killed, the trephine opening enlarged, and cercbro-spinal Iluid with¬ 
drawn and examined for the presence of trypanosomes. Hawking nsotl 
human subjects, and he tested the tr3rpanocidal power ol tlie cerebro¬ 
spinal fluid in vitro, according to the technique of Yorke, A<laui.s anti 
Murgatroyd.®’ The method used by Hawking is simpler than that oi 
Voe^in, but there are obvious difficulties, as well as certain technical 
disadvantages, in the use of human subjects for large-scale routine ]>re- 
limina^ tests of cerebro-spinal fluid activity, in the search for new 
remedies for sleeping-sickness- With Dr. H. 0 « J. Collier, in work which 
is as yet unpublished, 1 have returned to the use of rabbits, but our 
technique does not involve the trephining operations which Voegtlin 
found necessary, and, like Hawkmg, we estimate the trypanocidal activity 
of the cerebro-spinal fluid by tests in vitro. 

Of the compounds exammed by Voegtlm and by Hawking and their 
co-workers, certain pentavalent aromatic arsonates, notably tryparsamidc 
and orsanine were found to render the cerebro-spinal fluid tiypanocjdaJ 
after intravenous injection, while others, such as neocryl, were deficient 
in this property. These results arc in line with the proved therapeutic 
value of tryparsamide and orsanine, and the ineffectiveness of neocryl 
in advanced sleeping-sickness. Among the arsenobenzeno derivatives, 
arsphenamine and neoarsphenamine imparted only inconspicuous try¬ 
panocidal powers to the cerebro-spinal fluid, but sulpharsphonainino did 
not fall far short of trypar^mide in this respect. Collier and I have 
confirmed, in our tests in vitro, that tryparsamide renders the cerebro¬ 
spinal fluid of rabbits trypanocidal; the trivalent derivative ol trypars¬ 
amide, reduced tryparsamide thioglycollate, lacks this property. We 
have ^so found neoarsphenamine to be far more eflcctivc tlian did 
Voegtlin ^d Hawking, in conferring trypanocidal powers on the cerebni- 
spinal fluid, and this, together with Voegtlin's and Hawking's finding 
in reg^d to sulpharsphenamine, mentioned above, suggests that the 
potentialities of the arsenobenzene derivatives in the cheniotlicrapy of 
sleeping-sickness have not yet been fully explored. 


Factors Determining the Ability of Substances (a) to Penetrate 
the Blood-brain Barrier, and (6) to Appear in the Cerebro¬ 
spinal Fluid. 


The factors which determine ability of compounds to penetrate the 
blot^-brain barrier are not well understood, and the literature on the 
snbj^t is somewhat confused. Ftiedemann * has reviewed the matter, 
^ far as non-polar substances arc concerned there 
IS l^e doubt that lipoid solubility or surface activity play an important 
part. However, among polar substances (with which we are mainly 
concCT]^), Friedemann concludes that molecular size, lii>oid solubility 
and diflusibility are only of minor consequence, the important factors 
bemg the electro-chemi^ properties of the substances concerned. He 
tmt, m the toxins and drugs investigated, ability to penetrate 
blwd-brain barrier is associated with a positive or no charge at the 
pH. of blood, while inability to penetrate the barrier is associated with a 
negative charge. 

Wittgenstein and Krebs studied the penetration of substancas from 


Hawkmg, Hennelly aud Quastel, /. Pharmacol, 193O, 59, 157. 

Hawking, Hennelly and Wales, ibid., 1938, 64. 146 
« Hawking, Trans. P. Soc. trop, Med. Hyg., 1940, Ja, 269. 

^ Yorke, Adains and Murgatroyd, irop. AfwiTParaii/ T020 101 

•‘Wittgenstein and Krebs. Z. Ces. exp. Mel, 1926, 49 , 553 
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blood to cerebro-spinal fluid, and the factors which they found to be 
associated with this passage are at variance, in several particulars, with 
those which Friodemann regards as determining penetration of the blood- 
barrier. Like Friedemann, they attached great significance to electro¬ 
chemical properties, but unlike his conclusion in regard to penetration of 
the blood-brain barrier, their finding was that among diffusible substances 
it is the negatively charged acid compounds which penetrate into the 
cerebro-spinal fluid, while the positively charged basic substances fail 
to do so. Penetration into the cerebro-spinal fluid was also behoved to 
be partly determined by difiusibility, or degree of dispersion, since sub¬ 
stances which are of a colloidal nature, even though they carry a negative 
charge, do not appear in the cerebro-spinal fluid. The conclusions of 
Wittgenstein and Krebs seem to be broadly in harmony with known 
facts in regard to the powers of penetration into the cerebro-spinal fluid 
of drugs eflective agamst trypanosome infections, though it remains for 
further work to establish the precise extent of this agreement. Thus, 
trypansamide, which has the power of penetrating into -Bie cerebro-spinal 
fluid, is the sodium salt of an acid, and probably circulates in the blood, 
to some extent at least, as a negatively charged ion. Neoarsphenamine 
presumably also circulates in the anionic state, and sulpharsphenamine, 
which is said to penetrate more readily into the cerebro-spinal fluid than 
neoarsphenamine, is probably still more electronegative in character than 
that compound, as an effect of its rather strongly acid radicals. The 
diamidines, which appear to be incapable of reaching the cerebro-spinal 
fluid, are salts of strong bases and undergo a high degree of ionisation 
in dilute solution.” Antrypol, which has only slight powers of penetra¬ 
tion into the cerebro-spin^ fluid, is an acidic compound, presuxnably 
circulating in the blood, in part, as an anion, but it has a very large mole¬ 
cule and probably circulates in a semi-colloidal form, or, as believed by 
Mayer and Zeiss,** bound to plasma proteins. 

In attempting to correlate the electro-chemical properties of sub¬ 
stances with their powers of penetrating vital membranes, it must be 
remembered that numerous complicating (or related) factors operate 
in vivo. There are for example different rates of disappearance from the 
blood-stream, and different rates of excretion. There is also the factor 
of different degrees of toxicity. In general, electronegative are much less 
toxic than electropositive substances, and they remain in the circulation 
for a longer time. Accordingly, since they can be introduced into the 
circulation in greater amount, and do not disappear as rapidly/ they have 
to that extent a better opportunity of penetrating vital membranes. 
However, their lower toxicity for the host reflects also, in general, a lower 
lethality to the ttypanosomc; mere ability of a negatively charged 
substance to appear in the cerebro-spinal fluid is valueless for our purpose 
if unaccompanied by trypanocidal properties. With these considerations 
in mind the case of drugs of the tryparsamide type is perhaps highly 
significant. Tryparsamide is relatively non-toxic to the host and hw 
practically no dorect trypanocidal action. These features may, according 
to the foregoing, be considered as related to its electronegative charge, 
by virtue of which also it gains admission to the cerebro-spinal fluid. It 
is then reduced to the corresponding trivalent compound, this involving 
a radical alteration in the ch^ge carried, together with the emergence of 
a highly trypanomdal prope^. The effect is, therefore, that a substance 
(reduc^ tryparsamide) which is extremely lethal to trypanosomes but 
which is unable, by its own nature, to penetrate into the cerebro-spinal 
fluid is neverthdess rendered available for action in that situation. 

School of Tropical Medicine, 

Pembroke Place, Liverpool 3. 

** Henry and Grindky, Atm. irop, Med. Parasii,, 1942,36,102. 

** leaver and Zeiss, Arch. Schiffs- u, Tropenkyg., 1921, 25,239. 
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APPENDIX,— Chemical Formuue 


Tryparsamide 

CONH,. CH, . NH<( ^AsO . OH . ONa 

Orsanine 

CH,CO . NH<^ 

Neocryl 

CHjNH . CO(CH,)aCO . NH<^ ^AsQ . OH . ONa 


Reduced 


COtm. . CH. ■ NH< >As(S . CH. . COOWa), 



Arsphenamiue 

Neoarspheuamine 


Sulpharrobenamine - -- y ■ 

(accord to Voegtiin OH<' ^As^^AsC^ ^OH 

and Johnson »») , q . CH, . Nli iTH . CH, . O . SO,Na 

CH, . O . SO,H 


C * • 

_ . __ ,.0 

HO< ^ ^ A 3 =»As<^ ^ 




Stilbamidine 

NH,. NH. C<( ^CH: CHC!^ )>C . NH . NH, 

Pentamidine 

NH, . NH . C<( )> 0 (CHa), 0 <(^ ^C . NH . NH, 

Propamidine 

NH, . NH . C<( )> 0 (CH,)aCK( )>C . NH . NH, 

Antrypol NaSO, 

HN—OC/ SCH, HjC/ V^—NH SO,Na 

/N /vn 


to 


io 


Sb,Na 


O 


-NHl 


liJsO,Na 

Na^j, 


Voegtlin and Johnson, /. Am. Chem. Soc., 1922, 44, 2573. 
•» Dyke and King, J. CAem. Soc., 1935. 805- 
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GENERA L DISC USSION 

Dr. E. M. Lourie {Liverpool), in introducing his paper, said : Before 
oflering my contribution to this Discussion, 1 would like to associate 
inyscU with the handsome and very fitting tribute which Sir Henry Dale 
has paid to the memory of Warrington \’'orke. 

It was my great privilege to know and to work intimately with Yorke 
lor many years until the time ol'his death, lie endeared hinisell as a 
wise chief, a generous colleague, and a loyal friend. 

lie will be sadly missed by many, not only because of his outstanding 
achievements in the advancement of Science, but also because ol the 
exceptional person that he was. 

Dr. H. Mcllwaln {Sheffield) said: Dr. i^oune’s communication, in 
conjunction with my own, emphasises the complexity, both chemical and 
structural, of the system involved in chemotherapy, and the care which 
should be exercised before conclusions respecting the mode of action of an 
agent are drawn from its differing activities under different conditions. 
It IS an indication of the immaturity of chemotherapy that many investi¬ 
gators do not discriminate between the chemical (including biochemical) 
and structural factors before concluding that one or the other is responsible 
for variations in chemotherapeutic activity. Thus, activity or inactivity 
in different hosts may depend upon varying concentrations of antagonists, 
varying metabolism of the drug or antagonists, varying location of the 
infection, differences in natural defences, and other circumstances. These 
have rarely been fully explored, though many opinions have been expre.ssed 
from partial investigations which in reality are inadequate to show whether 
an active agent has reached a given site ; whether, when reaching it, the 
agent has been inactivated by antagonists or metabolism ; or whether the 
differences lie in other activities of the parasite and host. 


EFFECTS OF NARCOTICS AND BENZEDRINE ON 
METABOLIC PROCESSES IN THE CENTRAL 
NERVOUS SYSTEM. 

By J. H. Quasfel. 

Received itth September, 1943. 

Narcotics include a large variety of structural types such as hydro¬ 
carbons, alcohols, ethers, urethanes, sulphones, amides, etc., and it is 
evident that their common characteristic of inducing narcosis in animals 
must depend upon certain physicochemical characters which they have 
in common rather than upon tike possession of any special chemical con¬ 
stitution. The Overton-Meyer theory suggests one important factor in 
the determination of narcotic activity, i,e,, the relative solubilities in 
the lipoid and non-lipoid constituents of the cell or cell surfaces. It is 
clear, however, that ^ the non-polar-polar character of a substance deter¬ 
mines, or partly determines, its entry into a cell, or its orientation at a 
surface, it gives no obvious clue to the mechanism of action of the narcotic. 

The narcotics as a class are, biochemically, inert molecules undergoing 
little or no change so far as is known in presence of the living cell. It 
is reasonable to suppose that their pharmacological activities are directly 
related to thdr surface activities. 

If it can be shown that the narcotics axe associated with a metabolic 
process in the cell and more particularly with some spedfic componwit 
involved in this process, an advance v^ have been taken in rdating: 
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naxcosis to cell chemistry, and in throwing more light on the manner in 
which narcotics exert their physiological eflects. 

It has long been known that narcotics as a general mle inhibit enzymic 
and respiratory processes but until recently there has been reluctance 
to associate narcosis with a suppression of oxidative events. This'has 
been partly due to the fact that the quantities of narcotics required to 
induce narcosis in an animal are usually of a far smaller order than those 
required to inhibit enzymic reactions. Moreover, there has not Ixsen 
until recently any clear evidence that during narcosis in an animal there 
is a fall in respiratory activity in the nervous system upon which the 
narcotics might be expected to exert their greatest effects. 

McClure et al. ^ have, however, demonstrated the existence of anoxia 
in the central nervous system during the anaesthesia brought about by 
barbiturates and other narcotics, and according to Shaw et al. ® ether 
anaesthesia is associated with a decrease in the difference between the 
oxygen contents of arterial and venous bloods. Dameshek et al.^ have 
shown that in the human subject under the influence of amytal there is 
a small but definite inhibition of oxygen uptake and dextrose utilisation 
by the brain. 

Very many facts point to the profound influence of brain oxidations 
on its functional activity. Moreover it has been clearly established that 
glucose is the main substrate of the brain in the living animal, and that 
the oxygen utilised by the brain is mainly concerned with combustion 
of glucose supplied by the blood (for evidence see *). A deprivation of 
glucose from the brain has as dire physiological effects as a deprivation 
of oxygen. 

Some idea of the vulnerability of the brain to oxygen lack may be 
gained by the following facts. An interruption of cerebral circulation 
for 6 to 8 seconds will produce loss of consciousness. The usual action 
potentials in the cat’s cortex are obliterated by a cerebral ang em ia of 
20 seconds.® Oxygen lack in dogs for longer than 5 minutes results in 
cessation of cerebral functions.® Unconsciousness will supervene if the 
oxygen supply to the brain is suddenly reduced to such an extent that 
oxygen saturation of the blood in the internal jugular vein falls to 24 % 
or less. Consciousness is maintained if the oxygen saturation value is 
30 % or more. ’ Brain potentials are abolished in anoxaemia.® 

In hypoglycaemia due to insulin administration there is a marked 
change in nature of cortical potentials, and electrical activity may cease 
if the hypoglycaemia is prolonged.® The frequency of cortical potentials 
becomes lower with fall of blood sugar and at low levels of blood sugar 
the waves may disappear.^® The administration of glucose results in a 
restoration of the original rhythm after an interval depending on the 
severity and duration of the preceding hypoglycaemia. 

Thus both oxygen and glucose lack lead to a slowing or abolition of 
cortical potentials. Gibbs et cd. have now shown that the administration 
of luminal brings about a slowing in the rate of cortical waves. 

The physiological facts point to a very high degree of dependence of 
mental function on the maintenance of oxygen and glucose supply to the 

^ McClure, Hartmann, Schnedorf and Scbelling, Awn. Sitrg., 1939, no, 836. 

® Shaw, Steele and Iamb, Arch. Surg., 1937, 35, i. 

* Dameshek, Myerson and Loman, Am. J. Psychiat., 1934,91, 113. 

* Quastel, Physiol. Rev., 1939, 19, 135. 

* Simpson and Darbyshire, Amer. J. Physiol., 1934, 109, 99. 

® Heymans and Bouckaert, Com-pt. RmA. Soc. Biol., 1933, 119, 324. 

’ Lennox, Gibbs and Gibbs, Arch. Neurol. Psychiat., 1935, 34, 1001. 

® Davis, Davis and Thomson, Amer. J. Physiol., 1938, 123, 31; Hoagland, 
ibid., 1938, 123,102. 

® Hoaeland, Rubin and Cameron, ibid., 1937, *20, 359. 

Haddock, Hawkins and Holmes, ibid., 1939, 

11 Gibbs, Gibbs, and Lennox, Tr. Amer. J. Neurol., 1937, 43 , 129. 
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central nervous system. An interference with the respiratory activity 
of the nervous system by the action of a drug would be expected to di^urb 
its functional activity, the disturbance being proportional to the degree 
to which the respiratory activity is affected. The action of the drug, 
hence the fall in respiratory activity, may be highly localised; a large 
fall, therefore, in the respiration of the entire nervous system by biologically 
active concentrations of the drug might not be anticipated either m vivo or 
in vitro. 

Effects of Narcotics on the Respiration of Brain in vitro. 

Narcotics at low concentrations have the power of inhibiting tlie 
respiration of brain tissue whether this be examined in the form of a 
mince or in the form of thin intact tissue slices. 

The effects of seven alkyl barbiturates on the oxygen uptake of min ced 
guineapig brain respiring in the presence of glucose are shown in Table I.^* 

TABLE I. 




% Inhlbitioo of Oxygeu up- 
talcs of Minced Giuneapig 
Brain in Presence of Glucose. 



vNH~CO 

CO \cH.CH(CH8)8 

\nh— do 



0 

6 

>NH—CO CHCCHj), 

do \c/ 

NnH— do ^NH. CO. OC,Hj 

0 

4 

.NH—CO CH(CHa)* 
do Sc/ 

\nH— do CHa.CHBr.CHj 

Very weak 

0 

.NH—CO CjH, 

do Sc/ 

\nh— do Caiij 

+ 

10 

yNB-~CO Cn{Cll3)a 

do Sc/ 

^NH— do CH,. CBite=CTls 


50 

yNH—60 CH(CH8)a 

do Sc/ 

\NH--do CH8 .CH*»CHj 

+ -I- 

40 

.NH-~CO C,Hj 

do X 

CHj.CIi«CHa 

-f + 

57 


The relative hypnotic activities of the drugs are also shown, these being 
expressed by the symbols: O representing lack of activity, -{- a weak 

Quastel and Wheatley, Proc. Roy. Soc. B, 193s, 1 la, 60. 

*• jowett and Quastel, Biochem. J., 1937, 3 *» 5 ^ 5 * 
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activity and + + a relatively high hypnotic action. The following points 
of interest are worthy of note: 

(1) Whereas isopropyl barbiturate is almost inert both as a hypnotic 
and as an inhibitor of oxidations, the isopropylallyl derivative is very active 
in both respects. 

(2) The combination of isopropyl barbiturate with urethane leads to 
no appreciable increase in h5rpnotic or inhibitive powers, 

(3) The introduction of a Br atom into allyl radicle of allylisopropyl 
barbiturate does not affect appreciably the latter’s hypnotic or inhibitive 
effects. The reduction, however, of the unsaturated linkage of the Br 
derivative to isopropyl-brompropyl barbiturate greatly reduces both 
hypnotic and inhibitive powers of the drug. 

There is a rough parallelism in this series of barbiturates between 
h3^notic and inhibitive powers. 

This parallelism is shown among narcotics of different chemical types. 
Thus chloral, which is a more powerful narcotic than paraldehyde, has 
also greater inhibitive effects on brain respiration m vitro. The same 
phenomenon is observable with hyoscine and atropine. 

Using the more sensitive brain slice technique in which brain cortex 
tissue alone is used, it is possible to show that definite inhibitions of 
respiration take place in the presence of narcotics at concentrations which 
produce narcosis in animals. Results in Table II make it clear that 

TABLE II.— ^Narcotising Concentration and Effects on the Respirations 
OF Brain Cortex Slices in a Glucose Medium. 


Naxcotic. 

Animal. 

Estimated 

Naiootic 

Dose 

g./kg. 

Narcotising 
Coucentiatlon (u.). 

% Inhibitun) of 
Isolated Dram 
Tissne Respiration 
due to Narcotising 
Concentration. 

Ethyl urethane 

Rat 

2 

0*022 

6 

Chloral hydrate . 

„ 

0-22 

0-0013 

10 

Luminal 

„ 

0*2 

0-00079 

15 

Chloretone . 

,, 

0 'l 8 

0-0010 

20 

Evipan 

Guineapig 

0*16 

0-00062 

17 

Avertin 

Rat 

0'3 

0-00106 

3 ^ 

Chloretone 

Guineapig 

o*i8 

O-OOIO 

32 


a variety of narcotics, at their narcotising concentrations, produces in¬ 
hibitions of respirations varying from 6 % to 32 %. The results are not 
inconsistent with the view that the narcotics considered produce approx¬ 
imately equal inhibitions (of the order of 15 %) of the respiration of brain 
slices when present at concentrations which in the organism would produce 
an equal fairly deep narcosis. The data, as Jowett states, do not eslabli.sh 
this view, but are sufficient to show that a definite inhibition of respiration 
is produced by concentrations of the order of those producing deep narcosis. 
The inhibitions recorded represent ihe effects of the narcotics on the 
respiration of the entire brain cortex of the animal; they may clearly 
be much greater at those parts of the nervous system where the narcotic 
becomes localised. 

The action of narcotics on the combustion of all substrates attacked 
by the brain is not a general one. The oxidations of glucose, lactate and 
pyruvate are the most affected by narcotics, whilst the oxidations of 
succinate and j&-phenylene diamine are undisturbed.^** 

Results in Table III show these effects, as well as indicating a 
sensitivity of glutamate oxidation to narcotics. These results were 

** Jowett, /. Physiol., 1938, 9a, 322. 
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obtained using minced guineapig brain. Data obtained by the more 
vsensitive tissue slice technique are shown in Table IV where the effects 
of luminal on rat brain cortex oxidations are recorded. 

The high sensitivity of gluc(>se oxidation in brain to the narcotics is 
a striking feature of narcotic action in vitro and, m view ol the great im- 

TABLK II r. —Pkrckntagr Inhibition by Narcotics (o-x2 %) of Oxygen 
U i‘TAKl?S OK MIN('KT) GIMNEAIHG HRAIN PROmiCED BY VARIOUS SUBSTRATES. 



AUyliiopropyl 

Barbitmate. 

Luminal. 

Chloretunc. 

Hyoscine. 

Chloral- 

hydrate. 

Glucose 

73 

94 

93 

79 

()b 

Na lactate . 

7: 

79 

88 

73 

00 

Na Pyruvate . 

67 

85 

84 

71 

90 

Na Succinate 

2 

0 

0 

0 

0 

Na Glutiimate 

28 

50 

59 

bo 

62 

jb-Phenylenediamine 

0 

0 

— 

-- 

— 


TABLE IV. —Effects of Luminal (o*o8 %) on Brain Respiration in 
Presence of various Metabolites. (Rat Brain Cortex Slices.) 


Metabolite. 

without Narcotic. 

with Narcotic. 

% Effect of Narcotic 
on Qo,. 

Nil . 

2-9 

»*75 

-5 

Glucose 0*01 M. . 

12-2 

5*5 

~55 

Na d. Lactate 0-02 m. . 

13-5 

8-8 

-35 

Na Pyruvate 0-02 m, . 

II-I 

8-1 

-27 

Na Glutamate 0-02 m. . 

8-0 

6-8 

-15 

Na Succinate 0-02 m. . 

9-5 

10-2 

+ 7 


'I'ABLE V,—Effect of 0-033 % Evipan ♦ on Respiration of Guineapig 
Tissues in Presence of Glucose. 


1 issue. 

Respiration (Qq^). 

Respiration (Qq^) in 
Presence of Narcotic. 

% Inhibition by 
Narcotic. 

Brain 

14-2 

9*5 

33 

Spleen 

7.7 

6-4 i 

17 

liver 

4-25 

4-15 

2 

Testis 

8-65 

7*25 

IG 

Kidney 

I 5 *» 

15-95 

Nil. 


* Na JV-methyl eyclo heseayl methyl barbiturate. 


portance of glucose oxidation in the functional activity of the central 
nervous system (see also **), this sensitivity must be a highly significant 
factor in any consideration of the mechanism of narcotic action. 

The total respication of tissues other than brain is also affected by 
narcotics, though not to the same degree. A result with evipan is shown in 

Quastel, Tennenbaum and 'Wheatley, Biochm, 1936, 30, 1668 ; Mann, 
Tennenbaum and Quastel, HAd., 1938, 33, 243. 
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Table V.’-® Examination of the inMbitive action of narcotics on the respira¬ 
tion of a variety of tissues has shown that narcotics inhibit the oxidation of 
glucose, laetate and pyruvate in tissues such as liver, kidney or diaphragm 
to about the same extent as in brain. It is difl&cult, however, to state in 
quantitative terms the inhibitory action of, say, luminal on substrate 
oxidations by liver or kidney owing to the relatively rapid change of 
inhibition with time and the effect of the drug on the respiration of the 
tissue in absence of added substrate. It would seem, on the whole, that 
the effects of low concentrations of narcotics are confined as with brain 
to the inhibition of substances important in carbohydrate metabolism. 
With brain, however, in contrast to such tissues as liver and kidney, 
carbohydrate breakdown seems to be the dominant feature of metabolism 
and it is this fact which throws into prominence the specific inhibitory 
effects of narcotics in brain metabolism. 

Reversibility of Narcotic Action in vitro. 

The effects of narcotics such as the barbiturates or chloretone, or 
hyoscine, on the respiration of brain cortex slices are not irreversible. This 
is shown simply 

by washing the TABLE VI.—Guineapig Brain Cortex Slices in 
brain shces in Phosphate-Lockb-Glucose Medium. 

a narcotic-free —-- 

medium after 
their immersion 

for an hour at - 

^ A absence of narcotic 

cone solution, jj After washing and reinunersion in 
The low and fresh medium .... 

steady oxygen 2a. In presence of o’ooa m. chloretone . 
uptake found in 26. After washing and reimmersion in 
presence of the fresh narcotic free medium 

narcotic is raised _ 

immediately to a 

higher level which also remains steady. A t3rpical result, with chloretone 
as the narcotic, is shown in Table VI.‘* Results showing the attainment 

of steady rates of respira¬ 
tion by brain cortex slices 
in presence of low con¬ 
centrations of urethautte, 
avertin or luminal axe 
shown in Figs. 1, 2 and 
3.®* High concentrations 
of narcotics, however, pro¬ 
duce irreversible effects. 

Analysis of the data 
indicates that two effects 
of a narcotic on respira- 
tion of brain %n vitro take 
place: 

(x) Rapid attainment 
of an equilibrium be¬ 
tween the narcotic and a 
constituent of the respir- 
FiG. I. —Effect of ethylurethane on the respira- system. The in- 

tiou of rat brain cortex in presence of glucose hibition of respiration is 
(Jowett). that to be expected from 

a simple mass action 
equation (Jowett,1*), as observable with small concentrations of narcotic 

Quastel and Wheatley, Bwckm,. 1934, 15*1. 



Qo, 

(Respiration). 

15-5 

14-2 

5-8 

12-0 
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producing inhibitions not greater than 40 %. This applies to narcotics 
such as urethane, chloral, chloretone, barbiturates, avertin (tribromethyl 
alcohol) and magnesium ions. 

(2) Relatively slow development of irreversible changes, leading to 
increased inhibitions of respirations which cannot be restored to normal 
by removal of narcotic. This takes place with most narcotics but is only 
observable at relatively high concentrations with narcotics .such as bar¬ 
biturates or chloretone. It occurs, however, at low concentrations with 
ether and ethyl alcohol.Irreversibility of action also occurs with 

indole which is also a 
powerful inhibitor of brain 
respiration. The reasons 
for these irreversible 
changes arc obscure. 

Effects of Potassium 
Ions. 

Another phenomenon 
bearing upon the in¬ 
hibitory effects of small 
concentrations of narcotics 
may now be considered. 
The steady state of the 
diminished respiration of 
Fig. 2. —Effect of avertin on the respiration of brain slices brought about 
rat brain cortex in presence of glucose by small concentrations of 
(Jowett). narcotics such as luminal 

or chloretone is found to 




Fig. 3.—^Effect of luminal on the respiration of 
rat brain cortex in presence of glucose 
(Jowett). 


be greatly dependent on 
the concentration of K+ in 
the medium. With such 
high concentrations of K+ 
as 0*0128 M. —double that 
normally present in serum 
—a steady inhibition is 
quickly attained by chlore¬ 
tone. At low concentra¬ 
tions of K^’, e.g. 0*002 M., 
however, the respiration is 
found to drop quickly in 
presence of narcotics to the 
level found with the higher 
K+ concentrations, to re¬ 
main at this steady state 
for a short period and then 
to fall quickly so that 
eventually the inhibition 
found with low K+ con- 


centratioiw is very much greater than with the higher K+ concentra¬ 
tion (see Fig. 4 ^®). The concentration of K+ normally present in serum 
is sufScient to stabilise the inhibition due to the narcotic. When the 
temperature of the experiment usually carried out at 39® is dropped to 
29® the inhibitory effe<^ of a narcotic such as chloretone no longer vari^ 
appreciably with the K+ (see Fig. 5 “). A steady inhibition is found 
whether the K+ is high or low. The increasing inhibition at 39® due to 
low concentrations of K+ is possibly due to loss of K+ jErom the nerve cell 
at the low external conceaatration or to loss of some other constituent 


M Jowett and Quastel, Sioch«m, J., 1937, 31, iioi. 
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concerned with cell respiration, due to irreversible changes in the cell 
which proceed more slowly when the temperature is lowered. 

Narcotics and Substrate Concentration. 

If a narcotic enters into a mass action equilibrium with an enzyme 
with which the substrate oxidised by the brain is also combined, it would 
be expected that increase in substrate concentration would lead to a 
diminution in the inhibitive power of the narcotic. Results given in 
Table VII show that this 
does not take place. An 
eight-fold increase in 
concentration of sodium 
pyruvate has no effect on 
the inhibition of oxygen 
uptake of rat brain cortex 
due to chloretone. 

This shows that the 
narcotic must enter into 
equilibrium with some com¬ 
ponent of the respiratory 
system which is independ¬ 
ent of the substrate burned. 

Yet this conclusion is 
opposed to that obtained 
from the study of narcotic 
inhibitian of brain dehydro¬ 
genations carried out under 
anaerobic conditions.*® 



K'*‘^ 0 > 0126 M 


k 




■zo 


Time m Mmules. 
*0 80 Si 


Fig. 4.—Effect of 0*033 % chloretone on the re- 

S >iration of rat brain cortex in presence of 
ucose at 39® C. (Jowett and Quastel). 
Temp ■= 39® C. 







I 


Narcotics and Dehydro¬ 
genases. 

In a study *® of the in¬ 
hibitory effect of chloretone 
on lactic dehydrogenase of 
minced brain tissue, it was 
found that the narcotic and 
substrate (sodium lactate) 
competed, according to the 
mass action law, for the 
enz3nne. The enzyme was 
stuped in the usual way 
by determining the rates of 
r^uction under anserobic 
conditions of a dyestuff, 
methylene blue, in presence 
of the tissue and mixtures 
of varying concentrations 
of narcotic and substrate. 

It had long been known 
that narcotics inhibit de¬ 
hydrogenases and it seemed 
a simple explanation of narcotic inhibition of brain respiration to sup¬ 
pose that the effect was due to inhibition of dehydrogenases affecting 
either glucose, or lactate or pyruvate. The results given in Table 
show that this cannot be the case. Yet the effect of the narcotic is not 
coimected with the enzymes concerned with the activation of oxygen 
itsdLE, as inhibitive concentrations of narcotics do not affect the oxidation 
of sodium succinate or ^^-phenylene diamine. 

** Davies and Quastel. Biochem. T.. a6. 1672. 


7 W in nates 
20 40 60 


Fig. 5.—-Effect of 0*033 % chloretone on the 
respiration of rat brain cortex in presence of 
glucose at 29“ C. (Jowett and Quastel). 
Temp, aa a9« C. 
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TABLE VII. —Effect of Substrate Concentration on Inhibitions of Brain 
Cortex Resfiration (Qog) by NARconcs. 


.Vniiikil. 

Subilrate. 

Niucolie. 

% Inhibltiou 
ofQo,. 

at 

Ma Fynivato o*oi m 

Chloretone 0*037 % 

37 


„ o-o8 M. 

»* 

37 

iiincapig 

o*oO M. 

l.uiiiinal o*o8 % 

27 


o-oi M. 

" 

28 


NaLactate o*o6 m. 


39 


0*01 M. 


31 


A clue to the solution of this anomaly may be found in the fact that 
the low concentrations of narcotics which are highly inhibitory gerobically 
have but little inhibitory effect anaerobically. Thus chloretone is ten 
times less elective in securing an inhibition of lactic acid oxidation in 
presence of brain anaerobically than under aerobic conditions. 

A possible explanation is that the narcotic, at the low concentrations 
effective under aerobic conditions, exerts its main effect on a part of the 
respiratory S3rstem which is inert or functionless under anaerobic conditions. 
That such a part of the respiratory system has the properties of an enz3nne 
structure is evident from the fact that it is affected by surface active nar¬ 
cotics of so many different chemicaJi t3rpes. It must, however, be a tissue 
component with a much higher aiffeity for narcotics than the most 
sensitive ^i23nmes—^the dehydrogenases—with which we are so far familiar. 

If this view is true the inhibitions of respiration of intact brain tissue 
obtained by low concentrations of narcotics under aerobic conditions are 
not due to competition of the narcotics with the substrates (e.g., lactic 
or pyruvic acid) for their dehydrogenases but to the affinity of the nar¬ 
cotics to a special component playing a highly important part in the chain 
of reactions composing the complete aerobic respiratory process of the cell. 


Narcotics and Glycolysis. 

Confirmation of the fact that narcotics at low concentrations do not 
affect the known dehydrogenases comes from the entire absence of any 
inhibition by a narcotic such as chloretone on anaerobic glycolysis by brain 

cortex (sec Table VXII «). The 
TABLE VlII. —Effect of Chloretone of anaerobic break- 

ON An.®robic Glycolysis ok down of glucose in brain is not 
Rat Brain Cortex. yet clear but if the reactions in¬ 

volved are similar to Ihose taking 
Coac. of Narcotic. 1 part in the anaerobic breakdown 

of glucose in muscle or yeast, 

- an interplay of dehydrogenase 

19*8 I i 6-5 systems will be involved. The 

— results show that if a narcotic- 

x 6’4 sensitive dehydrogenase system 

_ plays an important role in the 

aerobic breakdown of glucose it 
is either absent from, car is without influence in, the reactiotts involved 
in tile anaerobic breakdown of glucose by brain. 


NU 

0*033 
0*05 < 


15 ** 

15*1 


Narcotics and an Intermediate Respiratory Component. 

An investigation of respiratory systems made up from isolated tissue 
components, s.g., muscle dr&ydrogenases, and preparations of cozymase, 

“ Michadto and Quastel, Bioch$m. /., 1941, 35, 518. 
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flavoprotein, and cytochrome, oxidase, and studied under both ajrobic and 
anaerobic conditidns, has shown that the effect of narcotics at low con¬ 
centrations is restricted to a tissue component, which is possibly a flavo¬ 
protein. This is illustrated in Fig. 6 which shows the narcotic sensitive 
and insensitive regions of a narcotic sensitive respiratory system.^* 

It is impossible, however, with our present incomplete knowledge of 
the components of respiratory systems, to state definitely which com¬ 
ponent is specifically affected at the low concentrations of narcotics 
which inhibit brain respiration. It is, however, a step forward to realise 
that a special component of the respiratory system is highly narcotic 
sensitive, and that the effects of narcotics at biologically important con- 

Narcotic Sensitive Respiratory System 

Substrate—Dehydrogenase—Coz5rmase—Flavoprotein—Cytochrome—■Cytochrome—Oxygon 

Oxidase 

' ' ' ' I. ^ Tr J *■ ^ ■* 

Narcotic Insensitive Narcotic Sensitive Narcotic Insensitive 

Region Region Region 

Fxg 6. 

centrations are not to be attributed, as has been supposed in the past, 
to a general inhibition of dehydrogenases by non-specific surface ad¬ 
sorption of the narcotics. 

Benzedrine and Amine Oxidase of Brain. 

It is well known that benzedrme administration has a considerable 
value in cases of narcolepsy and in conditions where a stimulation of the 
central nervous system is required. 

The addition of benzedrine at low concentrations to brain cortex 
respiring in a glucose medium neither increases nor decreases the respiration, 
nor will it neutralise the diminution of respiration due to the presence of 
a narcotic. 

It is possible, however, that the relation of benzedrine to amine oxidation 
in brain may be connected with its clinical effects. 

It has been known for some time that the presence of amines such as 
tjromine or woamylamine brings about a marked ^minution (increasing 
with time) in the respiration of brain examined in vitro. The addition 
of benzedrine, however, to brain cortex respiring in the presence of tyr- 
amine and other inhibitive amines has been found to neutralise, or partly 
neutralise, the inhibition.*^ A typical result is shown in Table IX.** 

TABLE IX.— ^EifFBCTS of Benzedrine on Rat Brain Cortex Respiration in 
Presence of Tyramine nsr a Glucose Medium, 


Tyxasune 

H. Cone. 1 

i 

Benxedrine 

K.Cono. 

Qo,- 

xst How. 

2n(i Hour. 

3rd Hour. 

0 

0 

11-4 

lo-l 

9*0 

1*9 X lo-* . 

0 

9-6 

5-3 

3-1 

1*9 X 10-* . 

1*4 X 10-* 

ro-r 

i_ 

! 

6-3 

1 


*® Quastel and Wheatley, Biochm, J., 1933, 27, 1609. 
•* Mann and Quastel, ibid., 1940, 34, 414. 
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The fall in brain respiration due to the presence of tjnranaine, etc., is 
not due wholly to the amine itself but to a product of oxidation of the 
amine, i.e., the corresponding aldehyde. Benzedrine owes its stimulating 
action in brain respiration in presence of inhibitive amines to its ability 
to compete reversibly with amines for the amine oxidase of brain, thereby 
reducing the rate of formation of the inhibitory aldehyde. 

C'ompetition for amino oxidase takes place between various amines. 
Pugh and Quastel found that competition takes place between the 
following amines: tyraminc, ?5oamylamiuo, ; 5 -indolethylamine and jS- 
phenylethylamine. lilaschko et al.*^ showed that competition occurs 
between tyramine, adrenaline, isoamylamine and jS-indolethylamine. 

They also showed that 
TABLE X. Z-ophedrine, triethyl- 

-j- amine, triisoamylamine. 

Dissociation Constant of hordenme—amines which 
Amine. Amine^a|i<Ji^^mplex either slowly Or not 

* ' attacked by amine oxi¬ 

dase—^have an affinity 
for the enzymes and 
inhibit the oxidation of 
amines which are at¬ 
tacked by the oxidase. 
Benzedrine is either very 
feebly or not at all at¬ 
tack^ by amine oxidase. 
It has nevertheless a 
high affinity for this 
enzyme and is a powerful 
inhibitor of amine oxida¬ 
tion. 

It has been proved 
that amines combine 
with amine oxidase ac¬ 
cording to the mass 
action law and that com¬ 
petition between the 
amines takes place 
in strictly reversible 
manner. Taking the 
dissociation constant of 
the tyramine-amine 
oxidase complex to be 
©•00178, ** the dissocia¬ 
tion constants for b^ze- 
drine—and other amine-amine oxidase complexes have been worked out. 
These axe shown in Table 

The effects of benzedrine in vitro, in partially neutralising the inhibition 
of glucose oxidation by brain due to Ihe presence of tyramine and other 
ammes, take ;]place at concentrations wmch are not markedly greater 
than those wmch have pharmacological effects in vivo. Moreover, since 
competition between benzedrine and other amines takes place at amine 
oxi(^e according to the laws of mass action, it follows that the influence 
of benzedrine may be exerted in the body at much lower concentrations 
than have been used in m vitro investigations. It seems not unreasonable 
to suggest that the action of benzedrine in vivo is linked with its ability 
to compete with amines which give rise by oxidation to toxic substances; 
the lower the concentrations m such amines the lower the quantity of 
benzedrine which will be required to compete successfully with them. 

•• Pugh and Quastd, Biochem. J.. 1937, 3 *» 

Bla sc h ko, Bichter and Schlosszaan, ibtd*, X937, 31, 2187. 


OH 

C J Tyraminc . 
HjCHaJSrH, 


Q 

5 


Benzedrine 
•CH(CHa)NH, 
O-7CH, 


CH,CH(CHa)NH, 

OH 

/VcHa 

^ gCH(CH,)NH9 


Q. 


Z-Ephedxino 

:OH • CH(CH 3 ) • NHCH, 


0‘00178 


0*0004 
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Ephedrine is known clinically to be less powerful than benzedrine as 
a stimulant of the central nervous system and it has been shown that 
such a difierence between their efiects on brain respiration occurs also 
in vitro. According to Gunn et al.**- 3:4 methylene dioxyphenylwo- 
propylamine is a somewhat more powerful stimulant of the cenixal nervous 
system than benzedrine and it has at least the same activity as benzedrine 
in neutralising the fall of brain respiration in a glucose medium due to 
tyramine. Again, according to Gunn et a/.** 3-methoxy-4“hydroxyphenyl- 
isopropylamine is a less powerful siimulant of the nervous system than 
benzedrine. The result is consistent with the relatively poor activity 
of the former amine in neutralising the inhibitory action of tyramine 
on brain oxidation.*^ Such results are suggestive of a possible connection 
between amine metabolism in the brain and the development of the 
clinical condition known to be relieved by benzedrine administration. 

Agricultural Research Council, 

Unit of Soil Enzyme Chemistry, 

Rothanisted Experimental Station, 

Harpenden, Herts. 

2* Gunn, Gurd and Sachs, J. Physiol., 1939, 95, 485. 


GENERAL DISCUSSION 

Dr. H. Mcllwain {Shejffield) {communicated) : Studies of the action of 
narcotics on bacteria ** have given results which may be relevant to their 
action in the systems examined by Dr. Quastel and referred to also by 
Dr. Hurst and Dr. Ing. It was concluded that narcotics (ether, alcohol, 
chloroform, ethylcarbonate, novocaine) acted by reversibly denaturing 
enzymes of dehydrogenase systems, the critical evidence being antagonism 
of their action, by increased hydrostatic pressure. The antagonism was 
explained through the increase in volume accompanying denaturation, and 
was not found with bacterial inhibitors known to act differently, e.g. 
with sulphanilamide. The absence, found in several cases by Dr. Quastel, 
of antagonism to narcotics by substrate molecules is then understandable, 
but differences in susceptibility of proteins to reversible denaturation, and 
their varying importance to the cell, permits the specificity of action 
emphasised by him, 

Jolinson, Brown and ISIarsland, Science, 1942, 95, 200; J. Cell. comp. 
Physiol., T942, 30 , 369 ; Johnson, Eyring and Wifiiams, ibid.. 1942, 30 , 247. 


RELATIONS BETWEEN IN VIVO AND IN VITRO 
ACTIONS OF CHEMOTHERAPEUTIC AGENTS. 

By Henry McIlwain. 

Received ^th August, 1943. 

Study of the relation between the action of chemotherapeutic agents 
on the course of micarobial infections, and upon the parasites alone, is a 
means of analysing the complex system presented in practice by the host, 
parasite, and drug. As activity or inactivity of the agents is conditioned 
much more by the nature of the parasite than by that of the host, they 
have been expected to exhibit some action on the parasite outside the host. 
Such addon has not always been found and, in consequence, various types 
of interactions between drug and host have been postulated. Most of 
16* 
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these are discredited, but of them, the conversion of the drug to more 
active forms undoubtedly occurs m t^ivo in certain cases. Mo.st important 
among other causes of apparent iw mtfo inactixnty of therapeutically active 
agents are inadccjuacies in the technique ol in vitro experiments. Notable 
instances arc aKorded by the portr cultural cttnditions under which patho¬ 
genic trypaiioKOincs and um<»ebae were finst sliicliecl, which prevented 
observation of the eth^cl of agents whose action was iK>t maiiifest in a few 
hours; for the parasites soon clied.i. “ 'rhe present account emjdiasises 
other instances which show that, tor chcmotherapexdic studies, culture 
media must not merely he a<lc<pialc for growth, but must .simulate condi¬ 
tions in the ho.st in respect to their concentrations of specific substances, 
commonly occurring in animals and metlia, which antagonise drug action. 

Actions of the Host on the Drug; Types of in vitro Activity. 

Before considering those interactions which are susceptible to in vitro 
study, it is necessary to emphasise some basic ones which are not. For 
the purpose of quantitatively comparing the action of a compound in vitro 
and in vivo, it is at present necessary to administer it to animals and find 
what concentrations can be attained in relevant sites without damage to 
the animal. The levels are demonstrably conditioned by a combination 
of absorption, metabolism, and excretion. Some of these processes can 
be studied in vitro — e.g,, ihe acetylation and inactivation of sulphanil- 
amide by the liver, or conversion of Prontosil to the active sulphanil- 
amide by various tissues.* 

The type of in vitro action which is associated with activity of an agent 
in vivo has often been assumed to be the killing of the parasite. This, 
however, occurs only in some cases. Acriflavine was found to be primarily 
baxsteriostatic in vitro, and it was emphasised that such an action, combined 
with the normal behaviour of the host towards uon-invasivo bacteria, was 
adequate for disinfection in vivo,^ This has been reiterated with respect 
to the sulphonamides. From the many observed and postulated activities 
of the sulphonamides, which have included the stimulation of defences of 
the host and various actions on the parasites, their bacteriostatic action 
has beeu accepted as adequate to explain in vivo activity.*. * Although 
it is not necessarily a general conclusion that inhibition of growth is the 
basis of bacterial chemotherapy, no case which has been fully investigated 
is inconsistent with the suggestion. Jt has been successfully used as a 
working h3rpothcsis; * other actions arc examined below. 

Natural Occurrence of Compounds Antagonistic to 
Chemotherapy. 

An early instance of a specific participation of the host in chemo¬ 
therapy was encountered in the activation of certain arsenicals by their 
conversion to arsine oxides. Conversion to a more active compound was 
also observed with Prontosil, and when some workers found sulphanilamide 
itself to be inactive in vitro, this also was referred to interactions between 
the drug and the host. In this case, however, reports of in vitro studies 
were not consistent, some observers finding the compoimd highly active. 
Many of these discrepancies were explained in a s«ies of papers, now very 
fa mi liar, iu which they were shown to he largely due to difierent media ; 
material was extracted from various organic sources which prevented the 

1 Yorke and Murgatroyd, Ann. Trap. Med. Parasitol., 1930, 24, 449. 

* Dobell and lyaidlaw, Pcnrasiiology, 1926, 18, 206, 

•Massball, Jr., Physiol. Rev,, 1:939, 19, 240; Ann. Rev. Physiol,, 1941, 3, 643. 

*• Browning and Gmbransen, J. Hyg., 1919-20, 18, 33. 

* lETteming, Proc, Roy. Soc. Med., 1940, 33, 487. 

* Mcllwain and Hawking, Lancet, 1943, 1, .449. 
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bacteriostatic action of the drug, and the main antagonist -was shown to 
have the properties of ^^-aminobenzoic acid. Thus the greater in vtvo 
activity of sulphanilamide was referred to a phenomenon which was more 
familiar in chemotherapy as having the opposite effect. The more usual 
action is illustrated by the in vivo inactivity of mercuric compounds, which 
was shown due to their combining with a particular protein of serum,» or 
by some phenolic compounds, whi^ were sufficiently active in broth to give 
expectations of in vivo activity, but again were antagonised by serum 
though no evident combination occurred. * On the other !^nd, the activity 
of aCTiflaviue was greater in serum than in broth, though it was lowered by 
pus ; here again, specific materials have been implicated.® Clearly, there¬ 
fore, there are different types of antagonistic compounds, of varying natural 
occurrence, which interfere in differCT.t ways with the actions of various 
chemotherapeutic agents and whose activities must be assessed before the 
activity of a given concentration of an agent in vitro can be compared with 
that in vivo. 

Nature of Drug Antagonists. 

The nutritional relationship between host and parasite is a fundamental 
one, and was early emphasised in relation to chemotherapy. Analogies 
were indicated between the action of drugs and conditions of poor nutrition, “ 
and related to such a conception is the regarding of drug-antagonists as 
nutrients or as stimulating the proliferation of the parasite. With growth 
of biochemical knowledge, the importance to living organisms of com¬ 
pounds other than those assimilated as foodstuffs has been made evident, 
and Voegtlin found one such metabolite to be a drug-antagonist: phenyl- 
arsine oxides formed dissociable compounds with glutathione and other 
thiol compounds which annulled their trypanocidal action in vivo and in 
vitro. Moreover, he suggested such combination as a basis not only for 
antagonism of the arsenicals, but also of their action upon the parasite, 
for -^ol compounds were Imown to be of critical importance in living 
processes. The actions of many inhibitors on metabolic processes had 
been investigated at the time when sulphanUamide-antagonism was beii^ 
studied, and Woods applied the knowledge that enz3nnes can be inhibited 
by compounds structurally related to their substrates, in suggesting 
p-aminobenzoic add as both an essential metabolite to the bacteria, and 
as the compound responsible for antisulphanilamide activity in his pre¬ 
parations. 

The relationship between sulphanilamide and j>-aTninobenzoate proved 
an extremely specific one, though other compoimds, notably purines and 
methionine, antagonised the action of sulphanilaiffide in oiher ways.^® 
Consequently the demonstration that the interactions occurred in vivo 
as well as in vitro was valuable evid^ce that the anti-streptococcal action, 
of sulp h a n ilamide in vivo was indeed the same as that in vitro. The in vivo 
antagonism of pentavalent arsenicals by thiol derivatives had previously 
been used as evidence of the similarity of their action to that of the arsine 
oxides and thus to confirm the suggestion that the pentavalent compoimds 
functioned only after their reduction in the host.^* 

Results suggestive of the natural function of drug-antagonists have 

’ Smith, Czametzky and Mudd, Amer. J. Med, Sci., 1936, Ipa, 790. 

8 Bechhold and Ehrlich, Hoppe-Seyl. Z., 1906, 47, 173. 

* McIIwain, Biochem, J., 1941, 35,1311. 

10 Braim and Schaeffer, Z. Hyg. InfektKr,, 1919, 89, 339; Steam, E. A. and 
Steam, E, W., J. Bact, 1924, 9, 491. 

“ Lockwood, J. Immunol., 1938, 35, 155 ; Green, Brit. J. exp. Path., 1940 
31 , 74. 

Voegtlin, Physiol. Rev., 1925, 5, 63. 

^ Woods, Brit. J. exp. Path., 1940, ai, 74. 1* Fildes, iUd,, 1940, ai, 67. 

Kohn and Harris, J. Pharmacol., 1943, 77, 1. 

Selbie, Brit. J. exp. Path., 1940, 3 i, 90 ; Martia and Fisher, J. biol. Chem,, 
1942* 287. 
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also been obtained by designing inhibitors to interfere with known bacterial 
metabolites,assuming them to be related to enzjrme systems which could 
be regarded as potential drug-reccptors.'® Many compounds structurally 
related to such metabolites were found inhibitory, and their actions in 
most cases were antagonised by the metabolites used as models. Con¬ 
sideration of the naturally-occurring concentrations of their antagonists 
showwl tliat some would not be expected to be active in vivo. Pantoyl- 
taurine,however, inhibited streptococci in vitro in the presence of the 
concentration of pantothenate (its main antagonist) in rat blood, to 
degrees comparable with those associated with therapeutic activity in 
sulphanilamide,^® when present in concentrations which could be attained 
in rats. Action in vivo was hence anticipated,®* and found ; * here also 
the essential similarity of the action in vivo and tn vitro was shown by 
preventing the in vivo action with more pantothenate. 

Varying Occurrence and Metabolism of Drug Antagonists. 

The concentration of an inhibitor necessary for bacteriostasis in vitro 
is in some cases roughly proportional to the coincident concentration of 
antagonists ; i*. I’l ** other relationships have been found in other cases,*. 
but all emphasise that the naturally occurring concentrations of drug 
antagonists, and their alteration b3r metabolism of the host, can be as 
important to the action of a drug in vivo as can the concentration amd 
m^bolism of the drug itself. Thus, sulphonamide antagonists presented 
some puzzling phenomena. The quantities of ^-aminobenzoate needed 
for preventing the antistreptococcal activity of sulphanilamide when the 
two compounds were fed or injected together,*'® were about 500 times 
those which were efiective in viiro.^* Again, the quantities of sulphanil¬ 
amide needed for antistreptococcal action in untreated tissue fluids or 
simple extracts were only a fraction of those needed in the presence of 
other extracts {e.g., some bacteriological broths) or autolysates {e.g., pus). 
These results were explicable by the action of the host on one of -fee drug 
antagonists, either in conjugating ^-aminobenzoate when administered or 
in liberating it from combined forms on autolysis.** Normal human blood 
and urine, indeed, were found to contain quantities of combined ^-amino- 
benzoate in great excess of that needed to antagonise the anti-streptococcal 
action of the highest sulphonamide levels attainable in vivo. This indicates 
the vital importance of some normal mechanism, possibly acetylation, to 
all sulphonamide therapy. Of practical importance is the finding that 
sulphonamide activity in vivo is antagonised by certain local anaesthetics.** 
Those contained ^-aminobenzoate and their activity had first been demon¬ 
strated in vitro ; ** the «w vivo activity was not great, presumably for the 
reasons discussed in relation to ;^-aminobonzoato Itself. 

Allied to those results is the finding that azochloramid potentiates the 
sulphouamidos; •• the action extends to in vivo conditions and has been 
explained as a destruction of sulphonamide antagonists,®* including those 
synthesised by the parasite itself. The finding should 1 ^ of more general 
application, and microbial destruction and synthesis of drug antagonists 
is mown, which can afford a basis for both greats and lesser suscep¬ 
tibilities of mixed infections, to a given drug. 

Considering again conditions in the host, notable differences are known 

I’McHwain, Brit. J. exp. Path., 1940, ai, 136; ibid., 1941, aa, 148 ; Fildes, 
ib%iu * 94 * > 2a, 293. 

^•Mcllwaia, iMncet, 1942, 1, 412. 

®* Mcllwain, Brit. J. exp. Path., X942, aa, 265. 

®*Mollwain,4»2>i^., 1942, ag, 95. 

** de Waal, and McNaughtan, Lancet, 1942, a, 724. 

»®Neter, J. Pharmacol., I94«» 74» 5*; J. Boot., 1942, 44, 261, 

®* Sdimelkes and Wyss, Proe. Soc. exp. Biol., N.Y„ 1942, 49, 263. 
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to exist in the concentrations of metaboKtes, including drug antagomsts, 
in difiEerent animal species.** The values for pantothenate (antagonising 
pantoyltaurine) in the same tissues of different aniruals (mouse, rat, hog 
and cow) could vary over a three-fold range, and during the life of a given 
species showed variations up to four-fold, with maxima in different tissues 
and different flniTnfl.lfi occurring at difierent times. Concentrations of 
nicotinic acid derivatives (relevant to the action of certain sulphonamides) 
were found to be more constant, but of riboflavin (partly antagonising 
acriflavine *) in diflerent sp^cs showed a variation greater than ten-fold, 
the maximum again being different in time in different species and organs. 
A point of special importence in relation to animal testing of chemothera¬ 
peutic agents is the finding of a general tendency to inverse relationship 
between the size of animal and the level of essential metabolites, including 
drug-antagonists, in their tissues.** This would tend to cause lesser action 
or inactivity in, e.g., mice, with agaits which might be active in the larger 
animals with which chemotherapy is ultimately most concerned. Such 
results have been obtained,*. «• *® and sometimes referred to varying 
metabolism of the drug; the present considerations offer alternative ex¬ 
planations. The general rough agreement in chemotherapeutic effects in 
hosts of different species is parallelled by the finding that differences in 
metabolite levels in different species was not commonly greater than ten¬ 
fold. Complete differences in metabolism of compounds related to drug 
antagonists axe, however, known to exist in different animal species, e.g., 
the unusual reaction of fowls to substituted benzoic acids, or of man to 
phenylacetic acids.*’ 

Actions of Ghemotherapeuticals on Parasites in vitro ^ 
other than those on Growth. 

Many attempts have been made to correlate the actions of chemo¬ 
therapeutic agents with properties other than their effects on growth; 
those relating to purely chemical and physical properties will be thscussed 
by other contributors. 

Metabolic methods have been used to measure growth of organisms, 
and so indirectly to show parastiostatic or parasiticidal action,**. •• but 
this section is intended to consider the more direct action of inhibitors on 
metabolic processes. Sulphanilamide appears to have no action on respira¬ 
tion * at concentrations at which it inhibits growth and is active thera¬ 
peutically, though non-specific effects occur with higher concentrations. 
Sulphapyiidine affects the oxidation of three-carbon compounds, though 
this action, unlike the major effects of the drug, is not antagonised by 
^-anoinobenzoic acid.*' Many simple antibacterial agents (mercuric salts, 
phenols, iodine) inhibit respiration of Bact. coU, as sdso does rivanol, and 
such inhibition has been suggested as a measure of germicidal powers; its 
connection with bacteriostasis is not, however, very close, and the instance 
of sulp hanil a mid e would preclude its general application to chemotherapy. 
Metabolic methods have also been used in assessing the action of anti- 
noalarials on the protozoa; *® in -this case the experiments were performed 

« Williams and others, Sitidies on the Vitamin Conteni of Tissues, I and H ; 
Univ. Texas PubL 4137 and 4237 ,1941 and 1942. The values quoted were found 
by microbiological assay after standardised processes of extractbn. 

** Dorfmaan and K^r, J. inf. Dis., 1942, 71, 242. 

** Schlossberger, Z, Hyg. Inf^tKr., 1928, loS, 627. 

*’ Harrow and Sherwin, Textbook of Biochemistry, Saunders, 1935. 

** Greig and Hoogerheidje, J. Bact., 1941, 41, 537; Hirsch, Studien ub&r die 
mikrdbiologischen Grundlagen der Suiphcmilamid^Therai^, 1942, Kenan Basimevi, 
Istanbul. 

*• Bronfenbrenner, Heiahey, and Doubley, J. Bact., 1939, 37, 583. 

** Fulton and Christophers, Atm. Trop. Med, Parasitol., 1938,33, 77; Wendel, 
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364 ACTIONS OF CHEMOTHERAPEUTIC AGENTS 

in body fluids -with little modification, but much of the work with bacteria 
has used media whose content of drug antagonists may be very different 
from that in vivo. Many examples of the action of chemotherapeutic 
agents on particular enzjmios can be given,®^ and in some cases parallelism 
has been reported between actions on enzymes, and tliorapoutic activity; 
such a relation was found between trypanocidal and anti-lumarasc action, 
though it is not necessarily considered of Xunctioual importance.®® Indeed, 
the actions which have been most fully investigated, as those of the sul- 
phonamides on carbonic anhydrase or peroxidase, have been shown to bo 
unrelated to the action on the parasite. Evidence is not available con¬ 
cerning others, such as the high activities of quinine or atoxyl on lipases. 
Lack of correlation of antibactOTial action with both overall respiration, 
and with effects on such euz3mie systems as have been studied, emphasises 
the biochemical specificity of chemotherapeutic agents, The present 
ignorance of their detailed mode of action is parallelled by ignorance of 
that of many other compounds which exert critical effects on living 
organisms. 


In vitro Investigations of Actions of Drugs on Tissues and 
Processes of the Host. 

It follows from the knowledge that some chemotherapeutic agents are 
primarily bacteriostatic, that natural defences of the host are of critical 
importance in their use; but not all these processes are susceptible to 
in vitro study. Special attention has been given to the action of acri- 
flavine * and other acridine derivative ®® on phagocytosis, and the motility 
of leucoc3rfce. Many observers, in studying the effects of sulphonamides 
on phagocytosis, had been expecting the drugs to increase such activity, 
but an assesing of various reports * suggests that the compounds have 
littie if any action upon the process other than that referable to the action 
of the drugs on the bacteria. This is emphasised by observations with 
sulphapyridine in infections of mice in which the reactions of the host 
differed with different parasites: the response to streptococci and drug 
being phagocytosis, but to pneumococci with the same drug, the develop¬ 
ment of immune bodies.* Antibodies have been observed in vitro to 
convert a bact^ostatic effect of sulphanilamide to a bactericidal one.’ 
Again, in treatment of trypanosomiasis, immunity follows chemotherapy 
but its grade depends upon the strain of parasite and not upon the chemo¬ 
therapeutic agent.®* In view of these widely different cases of varying 
reactions of the host to inactivation of organisms by the same drug, special 
evidence would be needed to support hypotheses of a drug exerting a 
major direct effect upon the host's defences. 

Jn vitro studies of the effects of chemotherapeuticals upon tissues of 
the host have also been made by tissue-culture and manometric methods. 
The value of in vitro observation of simultaneously growing tissues and 
parasites was emphasised in 1916,** but many reports have concerned only 
the brief exposing of tissues and bact^ia to the agent, not necessarily in 
body fluids or solutions equivalent in content of antagonistic com¬ 
pounds.**- •* The sulphonamides were found to have extremely little 
action on chick embryo tissues in a critical study in which other diff^ences 
between conditions in culture and in Idie animals are discussed: the 

Clark, Heffter’s Handbuch der EstperimenteUen Pharmahologie, J937, suppl. 
vol. 4. 

*»Quastel, Biochem. J., 1931, 35,1121. 

** Alb^, Fran c is, Garrod, and linnell, Brit, J. exp. Path,, 193S, 19, 41. 
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»* Lambert, J, exp, Med., 1916, 34, 61 ^. 

*• Sane, McOmie, Shechmeister, and Foord, J, Bact., 1939, 37, 639. 



H. McTLWAIN 365 

absence of circulatory and detoxicating mechanisms, anti varying resist¬ 
ances of tissues from diJBEereut animals.*’ 

Manoraetric methodvS have also tended to ignore the importauce of 
natui-al antagonists and of bacteriostatic clltKjts ni comparing the actions 
of compounds upon tissue and parasite. Decrease in respiration or glyco¬ 
lysis is commonly measured, and the relation 0/ such a property to the 
actions of the agents in chemotherapy can only be established empirically, 
and can vary with the agent and tissue, which limits the value of the 
methods tor even comparative purposes. Nevertheless, their potential 
value in selecting compounds suitable lor use as antiseptics in brain opera¬ 
tions has been shown.** Tn this case the problem itseK defined the tissue 
to be used, but for more general purposes the choice appears to be arbitrary. 
Variations in concentration of drug antagonists are extremely large in 
different tissues, those of human origin varying twenty- to twenty-five¬ 
fold in their riboflavin and pantothenaite contents, and six-fold in that of 
nicotinic acid derivatives.*^ 


Special Effects of Ghemotherapeuticals on Parasites, 
Exhibited in vivo and in vitro. 

In addition to the specific interaction between chemotherapeutic agents 
and their natural antagonists, referred to above, two related types of 
behaviour, first observed in vivo, liave been reproduced in vitro. These 
are drug resistance and chemotherapeutic inicrtercncc. 

Evidence was given for drug-resistance in trypanosomiasis, in which it 
was first observed, being conditioned largely by the host; but such a con¬ 
clusion has been discredited.®* Trypanosomes made resistant in one host 
have been found resistant in others, and /;? vitro ; resistant organisms 
prepared in vitro can be resistant in vivo. Here the success or failure of 
chemotherapy is conditioned by an experimentally induced change in 
the parasite alone. Evidence has not been encountered for a drug alone 
causing a comparable change in a host, which persisted after the drug had 
been excreted ; though a drug in the presence of the parasite in vivo can 
result in a lasting cl^nge in the natural defences of the host. Reasons 
other than drug-resistance in the parasite can, of course, condition failures 
in treatment, but after taking such factors into account a considerable 
number of such failures have been directly referred to properties of the 
parasite which can be demonstrated in vitro, Results with, sulphon- 
amidcs present closely analogous features and make the conclusions 
reached with respect to non-baclOTial infections more general. Strains 
produced by use of one snlphonaraide, in vivo or in vitro, are commonly 
resistant to all drugs of the group, though some specificity has recently 
been found in respect to Shigella strains.*' Accurate measurement of the 
resistance of Boot, coli strains to different sulphonamides has also shown 
their relative resistance to sulphanilamide and sulphathiazolo to vary with 
the media in which they were tested.*® This is readily understandable in 
terms of drug antagonists and could conceivably give a basis for small 
differences in resistance of a given organism in different hosts on account 
of their varying blood constitutents. 

Chemotherapeutic interference was first observed between acriflavine 
and parafuchsine, with trypanosomes in mice.** It has since been 

*’ Jacoby, Medawar, and Willmer, Brit, Med. 1941, 2, 140. 
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observed in other systems, including that of axsenoxides and various 
dyestuffs with trypanosomes, when parallel effects were found in vitro M 
Interfering effects on the metabolism of trypanosomes and yeast with 
acriflavine and parafuchsine have also been reported.*® There is thus 
little doubt that this phenomenon also is independent of the host. The 
action of acriflavine on Bact. coh in vitro is reduced by various compounds, 
including phenosafranine, methylene blue and riboflavin, and interpreta¬ 
tions of the phenomena have been given which link it with known effects 
of inhibitors on metabolic processes. Comparable phenomena are also 
known to occur in the much simpler system presented by enzymes in 
'vitro** 

Conclusion. 

It is not intended in this survey to disparage the use of animal testing 
in chemotherapy, but to emphasise (1) that such testing is not necessarily 
much nearer to the conditions under which the drug will ultimately be 
used, than are properly chosen in vitro conditions ; and (2) that suggestions 
that chemotherapeuticals exert a major direct effect upon the host, or 
that the host in -toeir presence acts upon the parasite in a manner different 
from that exhibited towards any micro-organism, non-invasive by nature 
or inhibition, must be carefully re-assessed. In vitro testing is known not 
to reproduce aU the conditions of the normal environment of the parasite, 
but with present knowledge it is less likely to introduce new and unknown 
factors than is testing in another host. By trial and error, experimental 
hosts of roughly equivalent behaviour to man with respect to specified 
drugs may be found, but it would be extremely unlikely for such a relation 
to apply to a wide range of compounds active against a particular parasite, 
as such agents can have completely different antagonists whose natural 
occurrences and metabolism vary independently. The testing of anti- 
malarials in canaries, though giving results comparable to those of thera¬ 
peutic practice with some agents, fails with others.*’ That the agents 
giving concordant results are those of major importance is to be expected, 
for the majority were eitha: used in choosing the conditions for the test 
or devised by it. In order to be discovered by use of the test, new agents 
must satisfy the stringent condition of activity in two unrelated hosts. 
Clearly, in vivo and in vitro examinations of ag^ts are complementary; 
thus the use of in vitro testing in selecting compounds suitable for further 
examination is valuable, though in vitro studies have an analytical import¬ 
ance beyond this. Much still remains to be understood of ^ manner in 
which chemotherapeutic agents inhibit parasites, or otherwise render 
them susceptible to body defences; comparison of in vivo and in vitro 
effects has as yet been only semi-qnantitative and its further study appears 
a promising approach to ihe problem. 
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GENERAL DISCUSSION 

Dr. H. Hurst {Cambridge) {communicated) : The change in drug activ¬ 
ity with variation in the carrier medium suggests that carrier activity 
may play a part by inducing a corr^ponding change in the functional 
susceptibility of the test organisms. Since tho interpretation of toxico¬ 
logical data in vivo must ultimately depend on comparison with in vitro 
tests, a study of tho mechauism and limits of carrier activity in physio¬ 
logical media may well fill a gap in our present knowledge of the factors 
which influence chemotherapeutic activity in vivo. 

Dr. F. R. Eirich {Cambridge) {communicated) : I should like to draw 
your attention to one aspect of the problem and to a corresponding experi¬ 
mental possibility which so far has only been touched upon, namely, the 
action of drugs on protein-structure. 

Some years ago McFarlane finally established the existence of patho¬ 
logical serum proteins and investigated their molecular weights in the 
ultra-centrifuge. Independently we investigated some of the other 
physico-chemical changes which become apparent in the human serum 
under pathological conditions. We found very marked and characteristic 
differences in tho course of salt formation and viscosity when the serum 
was titrated with acids and alkalis, indicating changes in reactivity and 
molecular volume similar to those which manifest themselves at an early 
stage of denaturation. 

One explanation for this would be to assume structural changes in the 
ordinary albumins and globulins due to the presence in the blood-stream 
of parasites or of the products of an abnormal metabolism in the affected 
part of the host. An alternative possibility would bo to connect the 
changed behaviour with the appearance of new proteins globulin-like in 
character (antibodies) under the stimulus of pathological conditions 
(antigens). According to Pauling both phenomena are correlated. 

Interesting information as to the action of drugs in this phase could 
be obtained by comparing, by the viscosity and conductivity method, the 
influence of chemotheropeuticals on the serum in vivo and in vitro. We 
began such experiments with promising results, but could not continue 
owing to war-time conditions, and I wonder why this line of approach has 
not been incorporated into one of the existing research programmes. 
There are obviously a number of intcaresting aspects in such an approach: 

(1) One ought to be able to differentiate between drug action in the 
cell and an eventual one during the preceding circulation. 

(2) If there is any immediate action on the serum proteins beyond their 
carrier function this might, in view of the comparatively less complicated 
natcure of the system, provide valuable clues as to tho principles of action. 

(3) Again, if the serum proteins are affected following a cellular action 
of the drug, this might throw some light on Bergmann's hypothesis that 
the intrac^ulax proteinoses play a synthetic role in vivo. Proteinases 
apparently lose their specificity in the presence of peptide mixtures, which, 
it has been suggested, might be the way foreign proteins change the normal 
course of protein synthesis. If changes in the serum follow only after 
drug action in the f^sue, this action can be positively identified as taking 
place in the interior of the cell, and becomes also to some extent specified 
in its character. 

(4) Moreover, rectification of a faulty protein-S3nathesis or structure 
might have a direct bearing on the enzymatic activily itself, as its protein 
component might have been affected. 
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To commemorate the memo^ of Sir William Hardy the Faraday 
Society holds from time to time discussions in which an endeavour is made 
to bring together people who are interested in some particular sphere of 
biology and those chemists and phj^dsts who are endeavouring to extend 
our knowledge of the physico-chemical principles involved in the reactions 
of organised matter. 

A number of attempts have been made to explain the mechanism of 
drug action on simple principles ; one may mention the partition principle 
of Overton, the capillary view of Traube and the specific group concept of 
Ehrlich as t3rpical. There are many apparent exceptions to such isolated 
principles. It may be pertinent to the present enquiry to suggest certain 
implications in the generally accepted concept that between action and 
response there is likewise implied a passage, or passages, of material from 
source to sink. We can depict diagrammatically as follows some simple 
process which involves such a sequence or chain of events. 


< Enzyme A v 

Co-enzyme A Y 

Phase II —^ Enzyme B 

fit-► « / 


Z 


In the above scheme the reactant X can undergo change to the product 
Y by alternative paths either through the enzyme system A or the two 
enz3nne systems a and a. The product Y has then to pass through a 
separate phase II which may be complex, e.g. a membrane. Y subse¬ 
quently undergoes change to the product Z by means of the enzyme 
system B. We may imagine that drug " response is obtained when the 
rate of production of product Z is affected. It is clear that this may be 
brought about in a number of ways. The most direct method is to render 
the enzyme system B inoperative, by destruction of the protein, by selec¬ 
tive adsorption on the prosthetic portion of the enzyme, by reaction with 
and removal of the co-enzyme or by alteration of ihe compo.sitioii, e.g. 
the of the medium B to stop the enzyme activity. A “ ddayed 
response which eventually will be complete will be obtained if both the 
enzyme systenm A and a or at are render^ inoperative by the drug. Cl^ly 
if only A or either of the enzymes oe or a are rendered inactive the drug 
response will be only partial. Change of the medium of phase I may 
affect t^ velocity of reactions of A, a and a unequally and the rate of 
production of Y and thus of Z may show an increase and not a decrease. 

Apart ^m direct action on the enzyme systems which includes possible 
reaction with the enzyme, co-enzyme or me^um, the drug may ajffect the 
permeability of the phase II to the product Y or whilst affecting the enzyme 
system B can only obtain access to it by passage through the phase II. 
It is consequently important to investigate the separate mechanisms which 
come into operation under these different conditions. 

It is now w^ establidied that a numb^ of drugs react directly on 
OTzym^. Here we can distinguish between two distinct types of action; 
those which react generally with proteins, e.g. colloidal silver or 

mercuric 10ns and complex mercurials resulting in the coagulation of the 
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protein and the loss of the necessary spatial configuration of the prosthetic 
group; and those drugs which are more specific to the enzyme and its 
carrier. Some quite tentative conclusions can bo dra'WTi concerning the 
specificity of .such interactions. In many cases the interaction between 
drug and enzyme takes place at more than one point. Again, in general, 
one of these attachments possesses a larger interaction energy than the 
others. The “ strong ” attachment is in many cases a *' hydrogen *' bond. 
The electron donor group, i,e. the group which reacts with the acceptor 
hydrogen to form the bond may be atnated either on the drug or on the 
substrate. In some cases the hydrogen bonding may be a distinct and 
separate phenomenon. One of the simplest of these reactions is to be 
noted in the staining of proteins by dyes. Thus in the case of the coloured 
wool dyes the hydrogen ion acceptor is the —COO“ group on the side 
chain of the wool fibre. The peculiar and strong adsorption of acids is 
due to the fact that in contrast to other ions the hydrogen ion combines 
with the —COO~ ion to yield a covalent product whilst the other cations 
remain ionic. The large coloured anion is then adsorbed on another site 
on the wool macromolecule. We shall return to discuss in more detail 
the interaction of these large anions but we may note in passing the signi¬ 
ficant fact that such ions are more strongly adsorbed than inorganic anions, 
even of greater charge, such as the Similar consid^ations apply to 

the dyes ” containing large organic cations {e.g. the acridine and tri- 
phenylmethane series). 

More generally the hydrogen bonding involves the whole of the molecule 
of the dbrag and not merely the indirect action due to adsorption of an 
electric clmge. 

We can identify many electron donating groups both in enzymes and 
drugs, thus the group in ethers, ketones, amides and esters, the sN 
group in aromatic amines and the *5saS group in sulphides. 

The drug or substrate supplying the hydrogen to form the bond must 
have a particularly labile hy^ogen. We have already noted the strong 
reactions of the free solvated hydrogen ions, we have also to consider 
especially the phenolic hydrogen group, and the rather unique —CO—NH— 
group where mutual reaction is possible since the group is both donor and 
acceptor in character. Weaker groups are found in the alcoholic hydroxyl 
and the weakest is the =CH group. The stability of the hydrogen bond 
can be regarded as determined in part either by the extent of resonance, 
possibly between the two forms 

R,0 HC^Y H^Y 

or by simple considerations of straight dipole interaction 



Reactive =CH molecules will be found in those compounds in which 
suitable activating radicals axe introduced into X, Y, and Z. It is inter¬ 
esting to note that the halogens are included in such groups. Chloroform 
is relatively highly reactive; the bond strength to a ketone being some 
5*0 K. cal./gram. mol. Even greater values axe found by fluorine sub¬ 
stitution as in HCQaF. 

In some cases two or more hydrogen bonds can be formed with the 
same reacting molecules giving, not only a stronger adhesion, but a great 
measure of spatial selectivi^. I might mention the tanning agents, 
the 44''dihy^:s^ stilbene derivatives, the aw-di-imidines and the ^-amino- 
benzoic derivatives, as examples. 

The case of chloroform is interesting since this drag does not afiect 
appreciably the surface tension of water, being an exception to the Trauhe 
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rule. The interaction of chloroform with water and alcohols is small 
since the mutual interaction between the water or alcohol molecules 
themselves is so great. We must consequently pay some attention to 
the competitive action of water in drug action and examine the methods 
by which this competition is overcome. 

The non-polar, hydrocarbon or lipoid portion, both of the drug and 
of the substrate, provide the important secondary attachments by which 
this competitive action is reduced and by which also some degree of 
spatial specificity is introduced. In the adsorption of organic acids wc 
have seen that the unique character of the hydrated proton in forming 
a covalent l ink age with the —COO' of the protein .side chains results, 
from considerations of charge alone, in adsorption of the anion on a neigh¬ 
bouring site, preferably where the positive charge is situated. The 
orga.nic anions are more strongly adsorbed than the inorganic ions even 
of higher valency and it is to the non-polar portions both of the anion and 
of the substrate, i.e. the side chains in a protein and the lipoid constituent 
in a lipo-protein, that this strong adsorption is due. 

Recently Mr. Gilbert has been exa minin g in my laboratory the free 
energies of adsorption on to proteins of a number of organic compounds 
of known constitution, and although this field of investigation is as yet in 
a very embryonic state some of the results he has obtained are verv 
suggestive. Thus he finds ;— ^ 

Anion, Affinity in K. Cal. 

at ioo“ C. 


— 1-52 




Rrom exami^tion of a large number of anions it is found that the con¬ 
tribution to the interaction of a benzene ring can be expressed as effecting 



- JB.. cal. 

we tod ^ increment of 07 K. cal. from which we may infer that 
the affimty bjr 1.34 - 0-7 « 

manner examine the decrease in afitoity chS 
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finds that the introduction of further —SO3” groups in spite of their nega¬ 
tive charges brings about a reduction in intrinsic affinity in tWs case of 
ca. —1*03 K. cal./mol. SO3-. Multi substitution by —SOj“ groups adways 
reduces ^e affinity although the extent of the reduction is dependent on 
the position of the substitution. Such substitutions may, however, be de¬ 
sirable in order to introduce solubility into the drug. 

The spatial orientation of the apolar portions of the adsorbing mole¬ 
cules play an important part in the magnitude of the affinity of adsorption. 
This has been demonstrated in simple cases, such as cis and trans azo¬ 
benzene on wool. A quantitative assessment of the “ pattern " of apolar 
portions of a drug would seem to be capable of realisation. 

The chromatographic method of purification which has proved so 
successful in preparative organic chemistry can be readily extended to 
serve as a most valuable method of examining and evaluating these affinities 
of adsorption of series of drugs in which progressive variation is made in 
their constitution. 

We have noted in general the factor of drug accessibility has to be 
considered and this is depicted in the diagram by the introduction of the 
separate phase IT, which may be regarded as a membrane which (in the 
diagram) must be permeable both to the product Y and any drug affecting 
the enzyme system B. The membrane is bounded by two interfaces, and 
the nature of the actions which can occur at interfaces axe thus of funda¬ 
mental importance. Dr. Schulman has dealt with several aspects of 
these reactions on which we have been engaged for many years. I will 
in consequence merely make a few comments on this point. The phenom¬ 
enon of monolayer penetration where on injection of a reactant underneath 
a monolayer a reaction occurs in the sense that the injected molecules 
penetrate the monolayer and form a one-one complex wirii a resulting 
increase in area or in pressure of the monolayer, is only noted where there 
is both head group interaction frequently, as Dr. Alexander has shown, 
of the hydrogen bond type and, in addition, adlineation and interaction 
between the tails or non-polar portions of the two reactants. This repre¬ 
sents a modification of both the Traube and Overton concepts. Further¬ 
more, the mixed monolayer may, in several cases, be displaced, “ peptised 
or “ deterged ” from the surface by the added reactant and driven into 
the substrate as a complex, e.g, a lipo-protein. In view of the complete¬ 
ness of this type of reaction it seems improbable that the phase II can 
ever consist of a single monolayer and in consequence natural membranes 
must be thicker than a monolayer. 

Further evidence is found to support this view, since monolayers and 
even multilayers of some thickness of protmns do not apparently offer 
any resistance to the flow of idns through them. These experiments are 
worth extending to include monolayers and multilayers of the lipoids 
and lipo-proteins concerning the permeability of which our information 
is mu^ less complete. Experiments on cholesterol protein monolayers 
support the view that the cholesterol is anchored to the protein at specific 
points and that the injection underneath such a lipo-protein monolayer 
of both protein penetrating and lipoid penetrating reagents r^ults in 
interaction whereas under pure protein or pure lipoid monolayers the 
reactions are sdLective. 

These complexes formed by head and tail interaction are clearly im¬ 
portant in many biological processes ; they may act as carriers for other¬ 
wise non- or difficultty-transporfoble reactants; they may remove a 
reactant from the system or may displace a reactant from a substrate. 

The evidence from monolayer properties and behaviour suggests that 
phase II must in general be considerably thicker than a monolayer, it 
must consist of a real membrane and contain lijw-proteia. The fart ffiat 
cholesterol has definite points of attachments to a protein monolayrer 
leads one to infer that the lipo-protein membrane possesses some definite 
structure laminated in character ; that this structure is always as uniform 
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as the investigations of Schmitt and his co-workers on the nerve myelin 
sheath suggest is unlikely; but it is clear that such a composite membrane 
will be permeable to polar, apolar, and hetoropolar molecules, the relative 
permeability of each type being dependent on tlxe phase volume relation 
and orientation factor of the two constituents. Such a view suggests 
that the properties of the membrane as far as permeability are concerned 
are comparable to those which a mozaic membrane would possess. 
Evidently, either phase can bo extended by suitable solvents resulting in 
the increased permeability for lipoids or non-lipoids as the case may be 
and passage which can termed interfacial in which both the protein 
and lipoid phases participate can be envisaged. Several aspects of this 
effect are dealt witihi by Dr. Hurst who considers, inter alia, the mode of 
action of carriers and adjuvants in insecticides. 


CHEMICAL CONSTITUTION AND PHARMA¬ 
COLOGICAL ACTION. 

By H. R. Ing. 

Received gth August, 1943. 

The first S37stematic study of the relations between chemical con¬ 
stitution and pharmacological action was made by Crum Brown and 
Fraser ^ in their classical work on the metho-salts of alkaloids. They 
postulated that the physiological action 0 o£ a. drug was a function of its 
chemical constitution C, in which term they included both the structure 
and the energy relations of the molecule; they even put this relation 
into mathematical form: O == f(C). This extreme physicochemical 
view would hardly be accepted to-day since it neglects the highly com¬ 
plicated nature of the physiological situation in drug action. The im¬ 
portance of the physiological situation was stressed by Ehrlich, and although 
Ehrlich’s so-called side-chain theory is now regarded as too simple and 
too rigid, modem views are more closely akin to his general theory of drug 
action than to the ideas of Crum Brown and Fraser. Ehrlich would have 
classified drugs in terms of their capacity to combine with protopla.smic 
constituents rather than pharmacological actions in terms of chemical 
structure. 

Modern views are both less ambitious and less precise than those of 
Ehrlich; they may be summarised in two rather vague principles: (i) 
Similaiity of chemical structure in drugs may be expected to involve 
similarity of pharmacological action; tMs is the worMng hypothesis of 
the otTganic chemist; and (2) the action of a drug depends upon the way 
in which it impinges on the normal chemical mechanisms of the tissues. 
Both principles axe to be found in Ehrlich's writings. 

A modem version of Ehrlich’s general theory of drug action has been put 
forward and critically examined by A. J. Clark* in his ” General Pharma¬ 
cology * Clark assumes that drug molecules combine with specific receptor 
substances, which in most cases appear to be situated on cell surfaces; 
the physiological action of the drug is regarded as occurring subsequently 
to, but in consequence of, this drug-receptor comtdnation. The nature 
of the drug-receptor combination is unknown, but as it is often reversible, 
it is regarded as analogous to the enz3m^e-substrate combination assumed 
to precede enzyme activity. 

^ Crum Brown and Pnuser, Trans. Roy. Soc., Edmb., 1868-9, 35,151. 

* Clark, *• General Pharmacology,” in Hefftw’s Handbuch der ^erimenUllen 
Fhamako'bj^, t937- 
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In his examination of the evidence Clark concluded “ that a somewhat 
surprisingly large proportion of tlie more accurate quantitative data can 
be interpr^ed as the expression of a chemical reaction between the drug 
and specific receptors " and consequently it may be of value to consiilcr 
to what extent the thco:pr can be used to interpret the data on the relations 
between chemical constitution and pharmacological action ; it will be the 
purpose of this article to make the attempt. 

It may be noted first that the r^^eptor theory provides an intellectual 
link, otherwise missing, between the diverse concepts of structure and 
action; ideally the relation to be sought is one between the structures 
of the drug and receptor molecules. The first general principle mentioned 
above should be that similarity of chemical structure in drugs may be 
expected to involve combination with the same receptors. It is our com¬ 
plete ignorance of tho chemical nature of the hypothetical receptors which 
forces us to look for relations between the structure of drug molecules and 
the physiological eflocts presumed to flow from the drug-receptor com¬ 
bination. It will also be noticed that the receptor theory only pushes the 
problem of drug action a stage further back since it provides no explana¬ 
tion of the physiological efficacy of the drug-receptor combination. At the 
same time the theory has solid advantages ; it oflers the possibility of 
relating the structure of drugs to their action in chemical terms, it brings 
drug action into line with the theory of chemical transmission and draws 
an analogy between drug action and enzyme action which may well prove 
fruitful to the study of both. 

Pharmacodynamic Groups.—In devising synthetic drugs the organic 
chemist frequently uses a known drug as a model and, relying on the prin¬ 
ciple -tot similarity of structure may involve similarity of action, tries to 
discover what structural features must be retained in order to preserve 
the typical activity. The very large body of work on these lines has made 
it clear that the pharmacological properties of drug molecules can fre¬ 
quently be shown to depend upon particular structural features, which 
may be regarded as pharmacodynamic structures or groups. The evidence 
for such groups is of three main types : 

(1) Alteration or removal of particular groups in a drug molecule may 
lead to drastic diminution or even complete disappearance of a particular 
pharmacological response; e.g. the integrity of the unsaturat^ lactone 
ring in the cardiac glycosides is essential for the retention of the typical 
action on the heart and as Khrlich discovered the benzoyl group is essential 
to the local anassthetic action of cocaine. 

(2) Conversely, alterations in structure which leave the typical action 
of a drug molecule unchanged reveal inessential structural features, c.g. 
the cartwmethoxy group in cocaine and the detailed structure of the 
aliphatic side-chain in vitamin D. 

(3j The synthesis of new structures based on evidence of types (i) 
and (2) has supplied convincing evidence of the existence of pharmaco¬ 
dynamic groups in certain classes of drugs ; e.g. it can be predicted with 
reasonable certainty that molecules embodying the structural unit, 
RiRjN . (C)„ , O . CO . Ph where n — 3, . . will possess local anaes¬ 

thetic properties. A striking illustration is provided by the observation 
that the attachment of a / 5 -benzoylethyl or a y-benzoylpropyl group to 
the secondary nitrogen atom of the alk^oid cyti^e confers considerable 
local anaesthetic properties on the new molecule, while the powerful nicotine¬ 
like actions of cosine itself completely disappe^.* 

Pharmacodynamic groups have afeo been identified in atropine and 
physostigmine and synthetic substitutes for tihese drugs synthesised. 
With a few exceptions, Crum Brown and Rmser's original generalisation 
that quaternary ammonium salts, and onium salts in general, exert a 

»Ing and Patel, J. PAarmacol., 1937. 59 » 401 • 
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curare-like action remains true; the onium cation must be regarded as 
the first pharmacodynamic group to be discovered. 

Pharmacodynamic groups are the lineal descendants of Ehrlich's 
anaesthophore groups, toxophore groups, etc., and their occurrence finds 
a simple interpretation in terms of the receptor theory; i he receptors, 
which must be regarded as adapted to some normal physiological process, 
■will combine with and respond to strictly limited typos ol molecules. 'I'he 
more highly selective the action of the drug the more probable becomes 
the hypothesis of specialised receptors which respond only to molecules 
with preasely defined structural features. Certain classes of drugs, such 
as autonomic drugs and cardiac glycosides, exert a selective action com¬ 
parable only -with that of hormones and chemical transmitters and to 
account for the action of the latter some form of receptor theory appears 
to be necessary. 

Drugs of Diverse Structure and Similar Pharmacological 
Action. 

Although certain pharmacodynamic groups may be established, 
similar pharmacological properties may be shown by drugs of quite 
different s-fcructure; thus local anaesthetic properties are displayed by 
drugs which do not conform to the dialkylaminoalkyl benzoate type, e.g. 
benzyl alcohol, quinine and certain anti-malarials of the plasmoquin 
type.* Such examples do not invalidate the relations established between 
structure and action among local anaesthetics of the dialkylaminoalkyl 
benzoate "type so long as it is admitted that local anaesthesia may be 
achieved by a variety of mechanisms. That the same physiological result 
can be achieved by different mechanisms is well established, e.g. the dilata¬ 
tion of the pupil by atropine and by ephedrine and the parasympathetic 
actions of acetylcholine and eserine, and consequently the assumption 
that the same ph3rsiological result may be produced by different mechanisms 
can often be made -vdtiiout impropriety. The diversity of chemical anti¬ 
septics is not surprising; the li-ving cell is an extremely complex system 
and a drug which inhibits any one of a (probably large) number ol vital 
chemical processes may be expected to lead to the death of the cell. 
Moreover, the cell has only a limited number of -ways of responding to 
stimuli; it can only display its normal -types of activity in increased 
or diminished intensity. Since the normal activities of a cell certainly 
involve a large number of consecutive chemical reactions, drugs may 
attack different points in this chain of chemical even-ts and yet produce 
the same end result. 

The difficulty only becomes acute when we consider group.s of drugs 
of diverse structure which possess similar and highly selective actions 
occurring at wdl-defined sites in the body. The parasympathomimetic 
drugs, acetylcholine, muscarine, phjrsostigmine and pilocarpine consti¬ 
tute such a group. Here again, more detailed pharmacological analysis 
may d«nonstrate, as has been done for physostigmine, that different 
mechanisms are involved. 

Closer definitions of similarity and diversity of structure are made 
necessary by the receptor theory, and in this connection more consideration 
should be given to changes in physical properties accompanying struc- 
■tural changes. In thabr classical ■work on sympathomimetic amines, 
Barger and Dale* observed the qualitative similarity in action of iso- 
amylamine and adrenalme; on chemical grounds it is difficult to irn^^nTiA 
■that a simple aliphatic amine can form an effective combination with the 
same receptors as "the more complex amphoterric substance adrenaline; 

* E.g., ^(y-di 0 thylamino-p) 7 *diinethylpropylamiiio}- 6 -ethoxyqttinoliae ; Bovet, 
AfOt, ntiemat. Phann. Therapy, 1931, 41, 103. 

* Barger and Dale, J. PJiysiol., 1930, 41, 19. 
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and when the great dijfterence in the intensity of the actions of these two 
substances is borne in mind, the view that they combine effectively with 
the same receptors involves a surprising discrepancy between the quali¬ 
tative and the quantitative discrimination of the receptors. Attempts 
to relate structure and action among such physicochemically dissimilar 
drugs is bound to be fruitless; even ephedrine, which has a greater 
structural resemblance to adrenaline than isoamylamine, must be re¬ 
garded as physicochemically dissimilar. These “ sympathetic " amines 
are now classified by some workers as sympathicotropic drugs, which 
are thought to form eftective combinations with the adrenaline receptors 
and which have amphoterric structures closely related to adrenaline, 
and sympathomimetic drugs which are less closely related to adrenaline 
in structure and physical properties and are thought to achieve " sym¬ 
pathetic ” action by other mechanisms.® The view that such amines 
as isoamylamine and ephedrine are on physicochemical grounds uuHkely 
to form elective combinations with the adrenaline receptors does not 
rule out the possibility of their forming ineffective combinations ; ephedrine 
is known to inhibit amine oxidase, which can catalyse the oxidation of 
adrenaline, and also to antagonise adrenaline {see below). 

Another example of drugs of diverse structure and similar pharma¬ 
cological action is provided by the aliphatic narcotics, which include a 
large variety of structural t^^es, e.g, hydrocarbons, alcohols, ethers, 
amides, urethanes, sulphones, etc. These drugs appear to achieve their 
effect by modifying the physicochemical conditions of cells, and their 
action is regard!^ as depending not on pharmacodynamic groups but 
on certain physical propei^es sh^ed by all classes of these compounds. 

Drugs of Similar Structure and Diverse Pharmacological 
Action. 

The observation that the action of a particular drug may be antagon¬ 
ised by another drug of similar structure occurs fairly frequently and 
finds a simple interpretation in terms of the receptor theory. If it be 
assumed that both drugs combine with the same receptors, but that only 
one of the drug-receptor combinations is physiologically effective, then 
the ineffective drag-receptor combination >^1 reduce the activity of the 
efiective drug by limiting the number of free receptors available to it. 
This theory involves the assumption that the stractural requirements 
of the receptor for combination with a drug are less exacting than those 
for the production of the characteristic physiobgical response. There 
is considerable justification for this assumption because the inhibition of 
enzymes by compounds structurally related to their normal substrates 
is well established. Thus, ephedrine inhibits the oxidation of adrenaline 
by anoine oxidase in vitro ; ’ presumably it can combine with the enzyme, 
but unlike adrenaline it is not oxidised. Similarly, ephedrine has been 
found to antagonise a variety of the actions of adrenaline, e,g. on the 
dog’s blood pressure, rabbit’s intestine, etc.,® and these results can be 
accounted for by the assumption that ephedrine combines with the 
adrenaline receptors but that the combioation is physblogically ineffective. 

An even more striking example was studied by Raveutos. ® who found 

+ 

that the higher members of the homologous series of cations R. NMe* 
(R = QHis, CbHxt, CieHas) antagonised the muscarine-like action of the 
lower members (R = CH„ C^Hs, QH,, QH#, CsHh) on the frog's auricle. 

® Cf. Gaddum and Kwiatkowski, J. Physiol., 1938, 94, 87. 

’ Hlashko, Richter and Schlossmann, Biochem. 1937, 31 > 3187. 

® For references, see Gaddum and Kwiatkowski, loc. cit.*. 

® Clark and Raveutos, Quart. J, exp. PAysio/., 1937, ad, 375; Raveutos, 
ibid., 1938, 37, 99. 
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The lower members acted additively with acetylcholine and were antagon¬ 
ised by atropine ; the higher members antagonised both acetylcholine 
and the lower members. Moreover, the doses of a higher member (e.g. 

+ I- 

CgHivNMea) required to reduce the effect of cquiactive doses of Me,N 
and acetylcholine by a given amount were simiJar, although equiactive 

doses of Me^N and acetylcholine were in the ratio looo ; i. 'rhese facts 

+ 

can be explained by the assumption that all the cations HNMcj combine 
with the acetylcholine receptors but that the combination is physiologically 
ineffective for the higher members. 

It is interesting to note that the first recorded example of onium salts 
antagonising acetylcholine was only recognised as such in recent years ; 
it is the curariform action of onium salts discovered by Crum Brown 
and Fraser. 

The occurrence of enzyme inhibition by a competitor of structure 
related to the normal substrate has been recognised recently as of great 
importance in bacterial chemotherapy. Since the original observation 
of the mutual antagonism of />-aminobenzoic acid and sulphanilamide 
in vitro and in vivo,^^ several other pairs of mutually antagonistic 
substances in bacterial metabolism have been recorded, e.g. nicotinic 
acid and pyridine-3-sulphonic acid.i* pantothenic acid and pantoyltaurine,^* 
etc., and there is little doubt that other examples will be discovered. 

Quantitative Considerations. 

The influence of structural changes on the intensity of drug action 
provides the most difficult problems in any attempt to relate structure 
and action. Knowledge in this field is handicapped by the difficulty of 
measuring most phanmcological actions accuratdy and is complicated 
by the use of different methods by different authors. 

It may be of value at the outset to consider how differences in intensity 
of action are to be interpreted in terms of the receptor theory. The 
intensity of a drug action will on this theory depend at any moment on 
the number of drug-receptor combinations, and for any given concentration 
of drug, this number will be determined by the ease with which the drug- 
receptor combination is formed. For a reversible drug reaction the 
relation between concentration c and action y should follow a rectangular 
hyp^bola, Kc = y/100 — y, where y *= percentage of the maximum 
possible action. Clark * has discussed the applicability of tliis equation 
in detail; a similar equation holds for the reversible inhibition of enjsymcs 
by metals and dyestuffs.^® 

The drug-receptor combination must be regarded as leading to an all- 
or-none ty^ of response; if this were not brue, a weaker drug would 
partially antagonise a stronger when both were used together. Ravontos • 
found that this did not occur with combinations of acetylcholine and 
+ •¥ 
onium cations such as BuNMe, on Ike frog's heart; although BuNMes 
had only about a hundredth of the activity of acetylcholine, it acted 
additively with acetylcholine when combinations of the two drugs were 
used. This result implies that equal intensities of action involve equal 

“ Ing, Physiol. Rev., 1936, 16, 527. 

Woods, Brit. J. exp. Paih., 1940, ai, 74. 

“Selbie, p. 90. 

“Mcllwaiu, p. 136. 

I' ^941. 139. 975: 141, 121 ; Kuhn, Wifiland and 

Miaier, Ber. dtseh. chem. Ges., 1941, 74, 1605; Menwain, Biochem, J., 1942, 36, 
4x7. 

** Mytbacfc, Hoppe-Seyler*s Z., 1926, 158, 160. 

^•Quastel and Yates, Ew^ntologia, 1936, 1, 60. 
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numbers of combinations of the different drug molecules with the receiptors, 
but the concentrations needed to produce equal numbers <>£ combinations 
may vary over a very wide range. 

Although the individual reaction between drug molecule and receptor 
must be regarded as producing an all-or-none response, the total physiolo¬ 
gical effect observed will usually appear as a graded response because of 
the large number of receptors involved. 

The ease of combination of a drug with specific receptors may be 
expected to depend upon a large number of factors, e.g. stereochemical 
configm-ation, size and shape of the molecule and the disposition of the 
pharmacodynamic groups, the nature of acidic and basic groups, etc. 


Stereochemical Specificity. 

Stereoisomeric drugs often differ in the intensity of their action. The 
most striking examples are those optical enantiomorphs, e.g. /-adrenaline 
and /-hyoscyamine, which are twice as active as the corresponding racemic 
compounds. The subject was thoroughly investigated by Cushny,^' 
who argued tluit a clear differentiation in the activities of optical enantio¬ 
morphs indicated that the drug combined chemically with an optically 
active tissue constituent and that the different activities were to be 
ascribed to different physicochemical properties in the compounds so 
formed. Other factors might also be involved, e.g. more rapid destruction 
of one enantiomoiph by enzymic action in the body. 

Cushny’s views axe difficult to reconcile with the receptor theory 
because he assumed that the intensity of the physiological action was 
determined by the nature of the combinations which each enantiomorph 
formed with the same tissue constituent; but on the receptor theory both 
enantiomorphs must form equally effe^ve combinations with the re¬ 
ceptors. If this were not so, -me less active enantiomorph would partially 
antagonise the more active when both were present. Experiment shows, 
however, that optical enantiomorphs act additively when used in com¬ 
bination ; thus Cushny foimd ttiat /-hyoscyamine was 15-20 times as 
active as d-hjxiscyamine on the dog’s salivary gland and twice as active 
as atropine ; /-hyoscine was 16-18 times as active as d-hyosdne and twice 
as active as dZ-hyoscine; /-adrenaline was 12-15 tinies as active as d- 
adrenaline in its vasoconstrictor action and twice as active as d/-adrenaline. 
The.se results agree with the requirements of the receptor theory, but it 
must be admitted that the quantitative data are scanty and a closer 
examination of the additive properties of optical enantiomorphs is 
desirable. 

On the receptor theory the difference in activity of optical enantio¬ 
morphs win depend upon the ease witih which each isomer combines with 
the receptors. This conclusion is remarkable but appears to be inescap¬ 
able if they act additively. On the other hand, the view that the ease of 
combination with receptors is determined by stereochemical configuration 
appears to be reasonable in the case of stereoisomers which are not optical 
antipodes. 


Homologous Series. 

A study of the activities of homologous drugs is of interest because 
the struciniral changes involved are of the simplest character. Two main 
types may be distinguished : (i) Homologous series in which the activity 
increases regularly as the series is ascended, e.g. the aliphatic narcotics, 
and (2) series in which the activily increases to a maximum and then 
declines. 

Cushny, BiologUed Relations of Optically Isomeric Substances^ Baltimore, 

1926 . 
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(i) When the logarithm ot the narcotic concentration of homologous 
compounds is plotted against the number of carbon atoms a linear relation 
is obtained. Ferguson has pointed out that with such a series all the 
ph3rsical properties like solubility, vapour pressure, surface tension, etc., 
which depend upon a distribution between two phases, also change 
logarithmically with the number of carbon atoms. It is generally agreed 
that narcotic activity depends upon a distribution equilibrium between 
the medium bathing the cells and the biophase (whatever it may be) in 
which the drug has its efiect, but the prolonged controver.sy between the 
differential solubility and the adsorption theories of narcosis reflects the 
difficulty of deciding between properties which vary from one member 
to the next in exactly the same way. Which physical property determines 
narcotic activity cannot be decided by consideration of the relations 
between activity and physical properties in one series ; the effects pro¬ 
duced by members of different homologous series must be correlated.*’ 
This problem still awaits solution. 

The logarithmic decrease in narcotic concentration in a homologous 
series proceeds until a member is reached which exerts the same narcotic 

effect as the lower members only 
when present as a saturated vapour 
TABLE I or solution ; beyond this member. 


Oestrogenic Activity of Dihydroxy- 
DXA1.XYL StILBBNBS. 


further members will be inactive 
or only feebly active. 

(2) The commonest t3rpe of 




variation within a homologous 
series is that the activity rises 
to a maximum as the serie.s is 


ascended and then declines. A 


Ri. 


Rat Units Per Gram. 

H 

H 

140 

H 

Et 

5.000 

Me 

Me 

40,000 

Me 

Et 

1.000,000 

Et 

Et 

3,000,000 

Et 

«Pr 

300,000 

wPr 

nFx 

50,000 

isoPr 

woPr 

20,000 

mBu 

«Bu 

5,000 


striking example is provided by 
the oestrogenic activity of the 
4:4'-dihydroxy-dialkyl stilbenes,*® 
which show maximum activity for 
the diethyl member (Table I). 

Similar results have been ob¬ 
served with alkyl phenols and 
cresols,®* alkyl resorcinols,** alkyl 
hydrocupreines,** etc.; among 
antiseptics of this type the posi¬ 
tion of the maximum in the series 
may vary with the type of organ¬ 
ism used. 


Barger “ argued that the activity in such series must represent the 
summation of two opposing effects, which must be physical in character ; 
thus, in the aliphatic primary amines, which show maximum pressor 
action at the M-hexyl member,® he suggested that the two opposing effects 
mi^ht he the decline in basicity and the increase in surface tension as the 
senes is ascended. The view that the ease of formation of the drug- 
receptor combination depends upon an optimal balance of two oppo.sing 
effe^ is attractive, but it is diffictilt to see how it could be tested. 

Barger also suggested that when two pharinacod3mamic groups in a 
drug molecule are separated by an alkyl chain, the length of the chain 
may determine the ease of combination witifi receptors, e.$. in local 


Feiguson, Proc. Roy, Soc., B, 1939, 137, 387. 

Meyer, Titans. Fcaraday Soc., 1937, 33 » 1067. 

** Dodds, Goldbezg, Xawsozi and Robinson, Proc. Roy. Soc. B, 1939, 127, 142. 

Conltibiaxd, Marshall and Pyman, J. Chem, Soc., 1930, 280. 

« Leonard, J. Amer. Med. Ass., 1924, 83, 2003. 

” Morgenxoth, Biockem. Z., 1914, ii. 

« Bax^, Some A-pplioaSdons of Orgmio Chemisiry to Biology and Medicine, 
NewYoik, 1930. 
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anesthetics, maximum activity is usually shown by members in which 
the dialkylamino and benzoyl groups are separated by a thn'c-cjirbon 
chain. 

In a recent study of the bacteriostatic ])roperlies of polymethyUnie 
diamines, diamidines, diguanidines and di-isothiouroa.s Fuller ** found 
that maximal activity was usually reached when the polymethyicne chain 
liad 14 to 18 carbon atoms. Interpretation of the results is, however, 
made difficult by his observation that the pOvSition of the maximum in all 
series except the di-isothioureas varied with the medium; the maximum 
occurred at a shorter chain length for organisms in serum than for the 
same organisms in broth. 

The assumption that any homologous series of drugs will show 
maximum activity for one member is a useful working hypothesis for the 
organic chemist but not all homologous series display the satisfactory 
regularity of the examples already quoted; thus the relative activities 
of homologous choline esters exhibit remarkable relations (Table IT), 

TABLE II 

Relative Potencies per Molecule of Choline Esters.** 
(Acetylcholine — too in each case.) 


Kstei. 

Rabbit 

Intestine. 

Frog’s Rectus Abdominis. 

I.eech. 

Rabbllb 

Blood 

l»ressure. 

Without 

Esenne. 

After 

Bsenne. 

Acetyl . 

100 

xoo 

100 

100 

XOO 

Propionyl 

3 

550 

450 

45 

4 

Butyxyl 

0*24 

90 

115 

90 

0 

Valeryl. 

0*20 

25 

30 

O'C 

0 


Homologous series are also known in which one member (other than 
the first) has minimum activity; e.g. minimum curariform activity occurs 
+ + + 

for R = Et in the series R^N, R4P and RiJTVCea, where R =« Me, Et, 
Pr and Bu. This effect is not caused by any intrinsic propwties of the 

ethyl group because in the arsonium series R^As the least active member 
+ + + 
is MejAs, and Et^As is equal in activity to Me^N; also in the alkylquino- 
linium series the metho-salts are less active than the etho-salts,*’ These 
examples are peculiarly puzzling because among simple onium salts the 
curariform activity is remarkably independent of detailed chemical struc¬ 
ture and appears to depend primarily on the ionic character of onium 
cations.^* 


Conclusion. 

The receptor theory provides a useful intellectual framework for the 
consideration of the qualitative aspects of the problems presented by the 
structure and action of drugs; in particular it is the only satisfactory 
means of accounting for the antagonism of structurally similar drugs. 
It is less useful for the consideration of the quantitative aspects of me 
subject because “ ease of combination with the receptors ” is too vague 
a concept when the structural requirements of the receptors are tmknown. 

“ Fuller, Biochem, J., 1942, 36, 548. 

** Chang and Gaddum, J. Physiol., 1933, 79 » ® 5 S- 
Ing and Wright, Proc. Roy. Soc. B, 1933, 50 - 
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It is possible in certain cases to pedict the kind of drug action which 
will result from structural changes in a drug molecule, but the changes 
in intensity of action resulting from even the most trivial alterations in 
structxire cannot be predicted. 

The receptors must be regarded as highly complex, and specialised 
receptors may differ in* different tissues. Some such assumption appears 
to be necessary to account for the fact that the qualitative and quantita¬ 
tive actions of drugs differ in different tissues ; e.g. atropine is the best 
known antagonist of acetylcholine but it does not antagonise acetylcholine 

in mammalian voluntary muscle; Me^N acts additively with acetylcholine 
on the frog’s heart but antagonises acetylcholine in voluntary muscle, 
while Table II illustrates the quantitative irregularity of choline esters 
in different tissues. Facts of this kind led Clark to conclude that every 
cell-drug system was a law unto itself. It is, however, a sound rule in 
studies of the structure and action of drugs to confine attention to one 
pharmacological action in one tissue and not to expect relations so observed 
to be necessaxily applicable to other actions in other tissues. 

It has been tacitly assumed throughout this article that all the re¬ 
ceptors in a given tissue are equally accessible to drugs and equally effective 
in the physiological sense. !l^th assumptions are rather improbable ; it is 
more likely that the receptors are subject to individual variation. If this 
be assumed, a reconciliation might be effected between Clark's view that 
concentration-action curves express the relation between the concentration 
of the drug and the uptake by the receptors and Shackell’s *• view that 
they express the relation between the uptake of the drug and its effect 
on a mixed population of cells.*® 

University College, 

London. 
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Dr. Ing (Oxford), in introducing his paper, said: In his Introductory 
Address Sir Henry Dale criticised the receptor theory on the ground that 
it added nothing to our knowledge, but was only an alternative way of 
describing the well-established pharmacological facts. The theory is not 
meant to be other than an alternative method of describing the known 
facts, whidb, however, is thought to have the additional advantages of 
suggesting new approaches to the problems and of providing a much- 
needed intellectual link between the diverse concepts of chemic^ structure 
and pharmacological action. 

In quoting the selective and similar stimulant properties of tetra- 
methyl-ammonium salts and the natural alkaloids, nicotine, cytisine and 
lobeline. Sir Henry Dale has mentioned one of the most puzzling examples 
of diverse structure and similar physiological action, but his assumption 
that on the receptor theory all these drugs must be thought to have 
aflhiity for the same chemoreceptors is not necessarily well founded. The 
more selective a drug action is, the more probable is the assumption that 
the drug acts in virtue of an aiOfiaity for specialised receptors and the less 
likely that such receptors will combine with drugs of diverse structure. 
It is not necessary to assume that a highly selective action elicited by a 
variety of drugs always impli« combination with the same receptors, as 
the w^-known example of acetylcholine and eserine illustrates. It may 
prove to be a merit of the receptor theory that it draws attention to 
problems, like that quoted by Sir Henry Dale, where closer pharmacological 
anal3rsis is needed. 

*• Loc. cU.,* pp. 190-X99. 

•• Shackell, j. Gen. 1923, 5, 783. 

Cf. Gaddum, Pros. Roy. Soc. B, 1937, xai, 598, 
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Mrs. Gatherine Le F^vre {London) {communicated) : For a few years 
prior to the outbreak of war. Dr. R. J. W. Le Ffevxe and I were investi¬ 
gating at University College, London, the Kerr Electro-Optical properties 
of organic substances in vapour and solution form. From the results 
obtained from our experiments, in conjunction with results we also obtained 
from the measurements of dielectric constants which yielded dipole moment 
data, we have been able to calculate the optical polarisibility tensor 
ellipsoids of these substances. For the solvent state, only an approximate 
of the true polarisibility of a molecule along the three directions—^maxi¬ 
mum, minimum, and the direction perpendicular to these two—of polaris¬ 
ibility which define the tensor ellipsoid, can, of course, be ascertained. 
But in the investigation of substances in an homologous series dissolved 
in a solvent of low Kerr constant, it should be possible to obtain a good 
qualitative picture, which might throw considerable light on why there 
appear to be the two main types observed in the activities of homologous 
drugs. A series, e.g. the dihydroxy dialkyl stilbenes in which the activity 
increases to a maximum and then declines, might possibly be explained 
by a change in geometric structure due to buckling of the molecule, this 
would easily be detected by experiments on the Kerr effect. 

Further, divergences in the optical polarisibility tensor ellipsoids, which 
conforms to the geometric shapes of the molecules, in the choline ester 
series might again throw light on the anomalous relative activities observed, 
yielding ultimately to information concerning the structural requirements 
of the receptors. 

W./Cdr. Le F^vre is on active service in the Far East, but he would 
wish to join me in offering Dr. Ing, through our own inves;^gations post 
war, any help that we might be able to give in relating polarisibility and 
phaimacological activity. 

Dr. H. R. Ing, in reply, said : The measurement of many physical 
properties involves techniques tmfamiliar to the organic chemist and the 
kind of co-operation between organic and physical chemists which Mrs. 
Le F6vre has suggested seems to me to be the best way to advance the 
subject. 

Dr. D. B. Taylor {London) said: The consideration of the active 
group of an enzyme as a " receptor ** sheds considerable light on the 
relationship between drug structure and action. For example, the very 
large effects produced by polar substitution in certain organic molecules 
on the velocity of their hydroljrsis by specific enzymes suggests that even 
the polar contribution of hydrocarbon side chains may be of importance. 

Dr. D. D. Eley {Cafubri^e) {communicated) : Throughout the Discus¬ 
sion attention has been focussed upon the importance of Van der Waal's 
forces and related bonds, as distinct from the covalent bond. In support 
of this view, one contributor in the Discussion has stressed the reversible 
nature of the drug-receptor combination. While not wishing to contradict 
this view-pc^t, I would like to point out that the possibilities of covalent 
bond formation should not be neglected. The formation of covalent bonds 
between drug and receptor may in principle be expected to introduce more 
profound changes in tihe receptor {e.g. enzyme molecule) than the mere 
formation of a Van der Waal's bond, since in the former case the whole 
pattern of the molecule may be expected to be altered. Of course, the 
formation of the Van der Waal's complex may be a necessary first step to 
covalent bond formation, but by itself less likely to introduce profound 
chemical changes in the enzyme molecule, or other receptor. Secondly, 
while it is true that many of the well-known reactions of chemistry {such 
as the H* -f- la reaction), in which a rearrangement of covalent bonds 
occurs, only takes place at high temperatures because of the high activa¬ 
tion energy involved, this is by no means universally the case. I would 
quote the well-known reaction between oxygen and haemoglobin, thoroughly 
studied by Hartridge and Roughton. This occurs rapidly and reversibly 
at room temperature, and one of the early theories assumed it to be a 
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phsreical adsorption of the oxygen upon the haemoglobin colloid. How¬ 
ever, during the last twenty years much evidence has accumulated to 
show that this reaction involves the formation of chemical bonds between 
the oxygen and the Fe in the haemoglobin. Recently, L. Pauling and 
collaborators have shown that the paramagnetic moment of both the 
haemoglobin and the oxygen disappear in the reaction to give a diamagnetic 
oxyhaemoglobin, a fact which indicates an extensive rearrangement of 
electron levels in the reaction. The reasons for the rapidity of this reaction 
are still by no means clear, but a few years ago Polanyi and Javans showed 
in principle how quantum mechanical resonance, that may occur in Tnf)le- 
cules containing conjugated double bonds, can work so as to lower the 
activation energy of association reactions. There are also other theo¬ 
retical mechanisms which may be visualised to explain the rapidity of 
reactions between proteins, etc,, but the need at the present moment is 
more for an extensive study of a suitably chosen, clearly defined case. 

Dr. H. Hurst (Cambridge) said ; The concepts of Ehrlich and Clark 
that quantitative pharmacological data may be expressed in terms of 
chemical interaction between drugs and specific receptors, and that drug 
fixation at these receptors is measured by concentration-action curves are 
open to the following criticisms : 

(1) Owing to the disturbing influence of selective adsorption at fxme- 
tional interfaces in the system, the active concentration of a dmg measured 
in a bulk external drug phase may be much smaller than the actual con¬ 
centration at the primary site of action, i.e. the common drug phase/ 
biological phase interface. 

(2) The receptor theory is only valid when it is known that drug access 
is not influenced by a selective diffusion process. The antagonism of drugs 
which are structui^ly similar may be partially an expression of molecular 
interaction or competition for the lipo-protein receptors in a bounding 
biophase where drag mobility is influenced by “ pharmacodynamic " 
groups and also by less specific hydrocarbon or fat-soluble portions of the 
drug molecules. 

(3) Selective drug access may also account for the irregularity shown 
by the positions of maximum activity in different homologous series. 
With increase in the van der Waals' interaction between the hydrocarbon 
portions of the drug molecules and the lipoid components of the lipo¬ 
protein mosaic substrate, two factors influence two-dimensional drug 
mobility along the functional interfaces of the bounding substrate : (i) 
an increase in the rate of drug access owing to “ carrier action " of the 
drug molecules which is associated with a decrease in " functional viscosity ” 
of fie lipoid loci ; and (ii) a decrease in the rate of drug access owing to 
the establishment of a balance between the polar and non-polar interactions 
of the drug molecules with the protein and lipoid components of the bio- 
lomcal substrate. The establishment of this balance would tend to favour 
adbo3j>tion at the outer surface or layer of the diffusion barrier. The 
position in a homologous series of drugs at which the competing factors 
(i) and (ii) become respectively dominant will depend, not only on the 
stereochemical configurations of the drug molecules, but also on the 
physico-chemical properties of the acceptor groups in the particular 
biological tissue or orgasm. The magnitude and irregularity of the 
variation in relative activi^ of the choline esters with increase in chain 
length can hardly be attributed to corresponding differences in specific 
drug-receptor combinations based on the somewhat static conceptions of 
chemical affinity, and may be more readily interpreted in terms of selective 
diffusion, which, varies enormously according to the particular biological 
component in the system. Further evidence in support of this theory is 
provided by the fact that the position of maximum activity in a series 
varies with the carrier medium, suggesting that carrier activity plays an 
important part in modifying the functional susceptibility of the biologioal 
system. 
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Dr. H. R. Ing, in reply, said : The type of drug-receptor combination 
envisaged in my paper need not be restricted to reactions involving principal 
valencies, such as salt formation and condensation reactions; such re¬ 
actions probably do occur, e.g. the reversible formation of thioarainites by 
arsenoxides and thiol compounds, but partial valencies may frequentl5r be 
involved as w^ll as, or even without, principal valencies. Most reversible 
drug reactions probably occur at cell surfaces, and for such reactions the 
drug-receptor combination seems to be most tisefully regarded as a two- 
dimensional combination at an interface; some types of drug specificity 
seem inexplicable except in terms of surface reactions such as liideal 
has enumerated in his paper. It may be noted in this connection that the 
nearest analogy to the differential pharmacological activity of some optical 
cnantiomorp]^ is the differential adsorption of some dia-stereoisomerides. 

The imixirtance of the physical properties of drugs has been stressed 
in several papers submitted to this Discussion, but it appears that some 
clarification of the significance of such properties to theories of drug 
action is needed. I am in general agreement with Sir Henry Dale's 
remarks on this subject in lus Introductory Address. What appears 
to be needed is the same sort of correlation of physical properties with 
pharmacological activity as the organic chemist has achieved for the 
structural features of some classes of drugs. It is usually found that 
several functional groups or structional units must be combined in a drug 
molecule before a particular pharmacological response can be elicited. In 
the same way it is probable &at drug a^ons depend upon a combination 
of physical properties; it is unlikely that such complex phenomena as 
drug actions will be found to depend upon one physical property only, 
however apparently apt to biological situations the property may appear. 


CHEMICAL STRUCTURE OF ARSENICALS AND 
DRUG RESISTANCE OF TRYPANOSOMES.^ 

By Harold King. 

Received 315/ August, 1943. 

The science of chemotherapy was founded by Ehrlich, and in this 
science one of Ehrlich's most important discoveries was that of drug- 
fastness or -resistance. This latter subject he developed experimentally 
and theoretically, and in an inspired manner he adorned the subject by 
coining technical terms as the vehicle for his thoughts. 

Browning, Franke and Roehl,» working in Ehrlich's laboratory, were 
the first to produce drug-resistant strains of trypanosomes, the pheno¬ 
menon being observed initially with parafuchsin. It was soon shown, 
however, that drug-resistance could be produced with an arsenical, atoxyl. 
Such an atoxyl-resistant strain was resistant to a great number of 
substituted derivatives of phenylarsonic acid,* but infections in mice with 
this strain could be cured by arsenophenylglycine. Other arsenicals con¬ 
taining the acetic add radicle contained in axsenophenylglycine, e.g. arseno- 
phenylthioglycoHic and arsenophenoxyacetic add, had also the power of 
curing infections of atoxyl-resistant trypanosomes.** * Ehrlich and his 
collaborators made the further important observation that atoxyl-resistant 

1 King and Strangeways, Ann. Trop. Med. Parasit, X943, 36, 47. 

* Ehrlich, Berl. Klin. Woch., 1907, 44, *33, 341. 

* Ehrlich, Ber. deutsch. Chem. Ges., 1909, 42, 36. 

* Ehrlich, Arch. Schiffs. Trop.-Hyg., 1909, 13 ; Beiheft, 6, 91. 

« Ehrlich, Zeit, Angew. Ghent., X910, 33, 2. 
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strains were also resistant to a group of dyestuffs, all built on a certain 
pattern, and represented by the acridine, oxazine, thiazine, selenazine and 
pyronine dyes, although no resistance was shown to dyestuffs of the trypan- 
blue t3^e or of the triphenylmethane type.® The atoxyl-resistant strains 
were almost unstained by oxazine dyes whereas normal strains were 
rapidly stained vitally and then died shortly afterwards. Another visible 
manifestation of the continuous effect of these dyes on trypanosomes was 
the production of forms devoid of the kinetoplast. The kinotoplzist is not, 
however, lost during the process of production of atoxyl-resistant forms, 
and such resistant strains do not, on further treatment with acriflavine, 
lose the kinetoplast,’ 

A step forward in the controlled investigation of drug-resistance \vas 
the introduction by Yorke and Murgatroyd * of a method for keeping 
tr3^ano3omes alive at 37° for 24 hours or more in vitro. Using this 
technique, they found that an atoxyl-resistant strain was resistant in 
vitro to many substituted arsenicals, but not to sodium arsenite, and the 
natural conclusion was drawn that the resistance was not an arsenic- 
resistance, but rather a resistance to the substituted phenyl group. * These 
in vitro results were confirmed by Yorke, Murgatroyd and Hawking by 
experiments in the living animal. A curious exception was found in 
phenylglycinearsonic acid (the pentavalent arsenical corresponding to the 
exceptional arsenophenylglycine of Ehrlich) in that atoxyl-resistant strains 
in mice showed no greater resistance to this compound than did normal 
strains, whereas with other arsenic acids, such as atoxyl, btyparsamide 
or arsacetin, there was a great difference. Yorke, Murgatroyd and 
Hawking ” also demonstrated that strains made fast to atoxyl, arsacetin, 
tryparsamide, neoarsphenamine or acriffavine were identical. 

The nature of the precise constitutional or physiological change which 
takes place in a drug-fast tr3rpanosomc is still unknown. Ehrlich, in ex¬ 
planation of drug-fakness, postulated a diminished affinity of certain 
chemoreceptors in the parasite for the drug, the non-staining of atoxyl- 
resistant forms by oxazine dyes bein^ a visible demonstration of this 
reduced affinity. Yorke, Murgatroyd and Hawking were the first to 
show in the case of arsenicals that normal trypanosomes removed the 
reduced tryparsamide from the medium, as shown by a diminished direct 
trypanocidal action of the circumambient fluid on fresh trypanosomes, 
whereas drug-fast trypanosomes failed to do so. This was corroborated 
by Hawking by chemical estimation of the arsenic content of the cir¬ 
cumambient fluid and of the trypanosomes. It is again significant that 
arsenophenylglycine was absorbed by resistant and by normal strains; 
in adffition Hawking made the interesting observation that phenylarscn- 
oxide was also absorbed equally well by normal and resistant trypano¬ 
somes, and thus was exceptional among arsenicals of this type. 

In 1930 Gough and Kingshowed that a series of aromatic axsonic 
acids containing acidic groups such as carboxyl or sulpho 

(AsO^,. Ph . CO.H and AsO^H, , Ph . SO,H) 

had no curative action on experimental trypanosomiasis in mice, but that 
when they were converted into amides (AsO,Ha • Pii • CONH, and 
AsO«H,. Ph . SOjjNHa) trypanocidal activity appeared in all cases. These 

• Motgenroth, Ehrlich's Festschrift, 1914, 572. 

’ Leupold, Z. Hyg. Infehtskr., 1925, 104, 641. 

* Yorke and Murgatroyd, Ann. Trap. Med. Parasit., lo^o. 34, 440. 

« Yorke, BHt. Med. /., 195a, 3, 668. ^ 

Yorke, Murgatroyd and Hawking, Ann. Trap. Med. Parasit., 1931, 35, 313. 

Yorke, Murgatroyd and Hawking, ibid., 1932. 36. *577. 

« Hawking, J. Phewm. Exp. Thsr., 1937, 59, 123. 

“ Gough and King, J. Ghent. Soc„ 1930, 669. 
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observations were extended by Cohen, King and Strangeways.^* who found 
■that when the arsenical portion of the molecule "was present as the arseno- 
grouping (—As : As—then trypanocidal activity was found in five out of 
seven compounds, although they contained carboxyl groups. Among the 
active substances was arsenophenylglycine (CO2H . CHj. NH . Ph . As 
which played a salient part in Ehrlich's work on -types of drug-resistance. 

Having available a number of arsenoxides containing carboxyl groups. 
Miss Strangeways and I thought that it would be of interest to find ou-t 
whether such arsenoxides act in vitro on atoxyl-resistant trypanosomes, 
and thus belong to the class represented by arsenophenylglycine, or whether 
they axe without action and simulate the atoxyl class. 

By employing the method developed by Yorke and Murgatroyd for 
keeping tr^anosomes alive, it was found without exception that phenyl- 
arsenoxides containing carbo:^! groups had the same lethal efiect on 
normal and tryparsamide-resistant strains of Trypanosoma rhodesiensc. 
The trypanocidal activity as shown in Table I was of a relatively low 
order. 

TABLE I. 


Dilutions in Millions Lethal in 6 Hours. 


Normal Stram. 


Resistant Strain. 


4-Carbox3rphenylarsenoxide . 

3- AcetamidO'-4-carboxyphenylarsenoxide . 

4- Phenylglycinearsenoxid e 

3 : 4-DicarboxyphenyIarsenoxide 
4-Acetamido-3-carboxyphenyIarsenoxide . 


0-4 

fo'S 

0-8 

0*8 

.0-8 

Lo-8 

0*1 

0*2 

0*8 

0*8 

■©•I 

/o-i 

_o*i 

\o*o5 

0*033 

0*033 


We had made these, at first sight, surprising observations when Dr. 
Hawking told us of his finding that phenyl^senoxide acts equally wdd on 
normal and resistant trypanosomes. We were therefore encouraged to 
extend our experiments to a number of otlier arsenoxides which we had 
available. The results are shown in Table II. 

From a close perusal of the results in these two tables, we believe that 
normal trypanosomes can be acted upon by arsenicals in three different 
ways at least. Moreover, each of these ways is but preliminary to the final 
chemical action which results in the death of the trypanosome. The 
compounds shown in Table I all contain carboxyl grbups which form neutral 
sodium salts. These sodium salts are readily •water-soluble, and are for 
the most part present as ions and loth to leave the -watery medium. In 
our opinion, they can only enter the trypanosome in the same way as 
substances which are very soluble in water, such as glucose and ^ts. 
This also is probably the explanation for their relatively low toxicity to 
the trypanosome. 

4-Phenylglycinearsenoxide, COiH . CH* . NH , Ph . AsO, with its acetic 
acid radicle, falls into this group. This oxide corresponds to arsenophenyl¬ 
glycine which was so important in EhrUch's theories of types or degrees oi 
drug-resistance and to account for which he postulated aceticoceptors in 
the trypanosome. This oxide also corresponds to phenylglydnearsonic 
acid, an acid which Yorke, Murgatroyd and Hawking found to be 
Cohen, King and Strangeways, ibid., 1931, 3236. 
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TABLE II. 


Compound. 


Phenylarsenoxide. PhAsO 
Diglutathionylphenylthioarhinite. 
^SG 


Ph. As<sg 

^-Xylylarsenoxide. Me2. Ph . AsO 

p-Methoxyphenylaxsenoxide. 

MeO . Ph . AsO . 
^»-Thiomethylphen,ylarsenoxide. 

MeS . Ph . AsO . 
;6-Acetophenonearsetioxide. 

CH3. CO . Ph . AsO 
^-Dimethylanilinoarsenoxide. 
NMej.Ph.AsO . 

;^-Nitrophen.ylaisenoxide. ISfOg. Ph . AsO 

3-Nitro-4-hydroxyphenylarsenoxide. 

{OH){NO,) . Ph . AsO .... 

^-Amioophenylarsenoxide. KH *. Ph. AsO 

^•Methylsulphophenylarsenoxide. 

MeSO, . Ph . AsO 
^-Hydioxyphenylarsenoxide. 

Di^ata^onyl-p-hydroxjTJhenylthioatsinite. 
OH.Ph.As<|§ .... 

Phenyl-^^'-diarsenoxide. AsO . Ph . AsO . 
^-Acetaiolidearsenoxide. NHAc . Ph . AsO 
Diglutathionyltrypaisamidethioarsenite. 

CONHg.CHa.NH.Ph. As<|g . 

Diglutathionyl-2-hydroxy-4>acetamido- 
phcnylthioarsiaite, 

(NHAc)(OH)Ph . As<|§ 
Dicystemylbeazamide-^-'&ioarsinitc. 

CONH, .Ph. As<|^ .... 

Benzamide-p-aiseiioxide. CONHa. Ph. AsO 


Dilutions in Millions Lethal in 6 Hours. 


12*8 

25-6 

51-2 

51-2 

51-2 


0*2 

0*8 

0*8 

0*() 

0-8 

0*8 


O'5-t 

0 * 5-1 


0 * 5-1 

2-4 

4-8 

8-ib 

r6 

32 

3a 

3 a 

3 * 

32-&4 

32 

64 


anomalous. The fact that this oxide with free carboxyl group falls among 
these other oxides all with free carboxyl groups suggest that the critical 
factor in the behaviour of these phenylglycine derivatives is the carboxyl 
^oup and that postulation of aceticoceptors is redundant. The observed 
phenomena are more readily interpreted on the basis of formation of water- 
soluble salts through the carboxyl groups and the distribution of this 
|p:oup of drugs containing carboxyl groups through the water phase as 
ions. 

The distribution of the substances in Table II in or on the trypanosome 
is quite different from that of the ionised substances, and they act in at 
least two other ways. At one end of the table such substances as phenyl¬ 
arsenoxide and xylylaxsenoxide are very active in high dilutions in vtiro 
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on trypanosomes, on both normal and resistant strains alike. In chemical 
structure, apart from the arscnoxide group, they are devoid of markedly 
polar or hy(h:ophilic groups. A few years ago Kligler and Olitzki showed 
that in Trypanosoma evansi 60 % of the trypanosome was lipoidal in nature. 
We therefore venture to suggest that phenyl- and xylyl-arsenoxides are 
taken up at a lipoidal-water interface in such a way that the phenyl or 
xylyl group is in the lipoid and the arsenoxide group is at the water inter¬ 
face. By such a mechanism they seem to be transported in a very facile 
manner, since their action is so very pronounced, to a site where the 
arsenoxide can exert its lethal chemical action. Since these substances 
act equally well on normal and resistant strains, they must act in a dif¬ 
ferent way and be differently distributed from the seven substances, for 
example, at the bottom of the second table. These latter substances 
belong to the group of arsenicals m which drug-fastness was first found by 
Ehrlich, and they act on resistant strains only at concentrations which are 
between 32 and 64 times stronger than those which still act on the normal 
forms. These arsenoxides we suppose must be taken up by the surface or 
some structure in the normal tr^anosome in the same way as the group 
of dyes represented by the acridines or oxaziiies. They are, in fact, sub¬ 
stantive for the same type of structure. Of what this structure is composed 
in the trypanosome we know very little except that it is presumably of 
polar nature and not capable of adsorbing dyes of the congo-red or tri- 
phenylmethane types. We picture this group of arsenicals as being way¬ 
laid by adsorption on polar surfaces in normal trypanosomes en route to 
their site of action, since the concentration at which benzamidearsenoxide 
acts, at one extreme of the table, is so much greater than that at which 
phenylarsenoxide acts at the other end of the table. 

Does the arsenoxide group take part in the primary fixation or are the 
other substituents solely responsible ? To try and decide this question, 
phenyl-;^/)Miarsenoxide was synthesised, and when tested on normal and 
resistant strains, was found to belong to the atoxyl group of arsenicals, 
the N/R ratio being 32. This observation leads sup;^rt to the view that 
m the piimaiy fixation of this type of aromatic arsenical, both ends of the 
molecule are involved, and the molecule as a whole lies flat on the adsorbing 
surface. 

In conclusion, it is tempting to try and complete the picture of the 
mode of action of arsenicals. The three types of distribution of aromatic 
arsenoxides in or on the trypanosome discussed above are merely the 
primary phase in the action. The final mechanism is a chemical one in 
which the highly reactive arsenoxide group—the toxophoric group—com¬ 
bines with some essential cell constituent on which the life of the trypano¬ 
some depends. With a complete knowledge of the structure and of all the 
reactions going on in the tx^anosome-cell and of the enzymes involved, 
it should be possible to be certain of the final mechanism of action of an 
arsenical, but this state of knowledge is impossible to attain without the 
aid of Maxw^’s sorting demons. Arsenoxides possess an intense af&oity 
for SH groups and a water-insoluble arsenoxide dissolves readily when 
dusted on to the surface of a solution of glutathione. It was shown by 
Lohmarm that glutathione is a specific co-enzyme for glyoxalase, an 
enzyme of wide distribution. If, therefore, the life of a tiypanosome is 
dependent on glyoxalase, then this enzyme cannot function in presence of 
arsenoxide and the tiypanosome must perish. Alternatively, there are 
other more important enzymes contain!]^ SH in their protein structure 
whose activity is dependent on the maintenance of SH in the reduced 
form,^’ a conation incompatible with the presence of arsenoxides. 

“ Kligler and Olitzki, Arm. Trap. Med. Parasite r936» 30, 287. 

' Lonmann, Biochein. Z., 1932, 254* 332. 

Barron and Singer Science, 1943, 97, 356 ; Hellerman, Cold Spring Harbor 
Symp., 1939, 7, 163 ; Bemheim and ll^inlieini, ibtd., 174 ; Hellerman, Chinard 
and Deitz, /. Biol. Chem., 1943, 147, 443. 
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Dr. E. M. Lourie {Liverpool) said : Dr. King has drawn attention to 
Ehrlichi's finding that trypanosomes made resistant to atoxyl and certain 
other arsenicals, as a result oX treatment by subcnrative closes of these 
drugs, become resistant also to non-araenical acridine compounds. IChrlich 
showed also that, conversely, tr3rpanosomes treated by acridines are liable 
to acquire, coincidentally, a resistance to arscnicals. This phenomenon 
introduces a present-day bogey which it is necessary to enquire into, and 
which arises in the following way. 

Mepacrine is being increasingly used for malaria in the place of quinine. 
Now, mepacrine is an acridine compound, and the question therefore 
arises whether the unrestricted use of this drug in the sleeping-sickness 
areas of Africa will not result in the production of strains of trypanosome 
resistant to arsenicals. This would be a serious matter, since arsenical 
compounds are, at present, the only known effective remedies for the latest 
stages of sleeping-sickness. Dr. Collier and I have, however, investigated 
the matter experimentally, and we find that very intensive treatment of 
trypanosomes by mepacrine, both w vivo and in vitro, does not produce a 
strain of parasite resistant to arsenical compounds. We conclude, there¬ 
fore, that the danger of giving rise to such strains in Africa, by the increased 
use of mepacrine, may be dismissed as negligible. 

Dr. M. A. Phillips {London) asked whether anything was known of the 
relationship, if any, of ease of de-arsenication to tr^anocidal action. 
From the chemical point of view, de-arsenication was particularly evident 
in compounds contaming an hydroxy group ortho to the arsenic atom. 

Dr. King replied that he knew of no evidence in support. 

Dr. H. Hurst {Cambridge) {communicated) : The e5q>erimental evidence 
provided by Dr. King lends further support to the theory that the cell 
membrane may be regarded as a visco-elakic lipo-protem mosaic structure 
in which primary drug fixation regukttes the accessibility of the drugs to 
the relatively internal enjjyme substrate. The work of IGigler and Outzki 
indicates that the cell membrane of the parasite is relatively rich in lipoid 
material. That this lipoid material does not constitute a continuous layer 
or layers parallel to the cell surface is shown by the fact that drug activity 
cannot be correlated with the simple energy requirements of differential 
solubility or adsorption. The activity of phenylarsenoxide is reduced by 
the introduction of two oil-solubilising methylene groups into the molecule 
to form ^-xylylarsenoxide, a change in molecular structure which also 
involves an increase in the free energy of adsorption, of the molecule at an 
oil/water interfswje. 

The fall in activity produced by the introduction of an additional 
arsenoxide group into the phenylarsenoxide molecule suggests that the 
enzyme substrate at which the ultimate toxic drug interaction takes place 
is not directly accessible to the external drug phase, since if this were 
case, the availability of the arsenoxide toxophoric group would be increased 
by fhe change in the drug molecule. 

The above evidence suggests that drug access is influenced both by the 
hydrophobic and hydrophilic portions of the molecule. The nature of the 
interaction of the d^g molecules with the components of the cell wall may 
be deduced from the following considerations : 

The velocity of spreading of capillary active substances at an air /water 
interface is very high, and may be of the order of 20 cm, per second. The 
dHving force which influences thte high rate of spreading is due to the 
h^h two-dimensional concentration gradient along the interface; three- 
dimensional diffusion in the underlying bulk water phase is of a very low 
I order, since there is no selective concentration of the capillaxy active 
molecules in the bulk phase, At an ofl/^ter interface, two-dimensional 
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diffusion may be modified by the interaction of the orientated hydro- 
phobic portion or portions of the molecules with the adjacent oil phase. 
In this system selectivity factors may be introduced by changes in the 
gross physical properties of the bulk oil and water phases, such as alteration 
in viscosity, or by the presence of fixed structural receptor groups which 
may " anchor " the capillary active molecules at the interface. 

If the molecule of phenylarsenoxide is selected as a " standard,’' certain 
general conclusions may be deduced from the data summarised in Tables I 
and II. 

(1) Trypanocidal activity is at a maximum in capillary active drugs in 
which the molecule contains a single arsenoxide polar group (phenyl¬ 
arsenoxide ; jt>-xylylarsenoxide). 

(2) The introduction of additional single polar groups into the 
“ standard ” molecule results in a loss inactivity (phenyl-^'-diarsenoxide; 
^-hydroxyphenolarsenoxide; ^-nitrophenylarsenoxide; ^-aminophenyl- 
arsenide). 

(3) With further increase in the number of polar groups, there is a 
corresponding fall in drug activity (2 :4-dicarboxyphenylarsenoxide: 
4-carboxyphenylarsenoxide; 4-acetamido-3-carboxyphenylaiSenoxide). 

The pronounced activity of dilute aqueous solutions of phenylarsenoxide 
and j&-xylylarsenoxide suggests that primary drug fixation involves selec¬ 
tive adsorption of the drug molecules at lipo-protedn interfaces in the 
bounding cell wall of the parasite. Rapid access to the internal enzyme 
substrate can only be aebdeved when 151056 interfaces constitute a series 
of channels or pathways which communicate more or less directly with the 
internal biophase. The drug conceutration gradient across the cell wall 
will consist of a smes of localised two-dimensional concentration gradients 
of high magnitude, and drug mobility will be infiuenced by polar and non¬ 
polar interaction of the reactants in the system. The magnitude of the 
changes in activity which occur when additional polar groups are intro¬ 
duced into the drug molecule may be attributed partly to the decrease in 
capillary activity, and partly to a relatively non-specific multipolar inter¬ 
action between the polar portions of the drug molecules and the visco¬ 
elastic protein components at the Gibbs' layer. These factors account for 
the feeble trypanocidal activity of compounds such as 4-carboxyphenyl¬ 
arsenoxide, where the presence of water-solubilising groups will minimise 
adsorption at the Gibl^’ layer. Drug access will mainly involve a slow 
three-dimensional diffusion across the bulk protein channels in the cell 
membrane framework, and activity will depend on the presence of relatively 
high drug concentrations in the bulk external drug phase. 

A complicating factor in the correlation of molecular structure with 
trypanocidal activity is introduced by the possibility that the functional 
susceptibility of the parasite is influenced by the carrier activity of the 
drugs at the site of primary drug fixation. Further evidence in support of 
this m^ht be provided from experiments on mixed drug S3^tems. 

It is interesting to note that the insecticidal activity of ethyl alcohol 
or phenol falls wito the introduction of additional hydroxyl groups into 
the drug molecules; ethylene glycol and resorcinol are only feebly active. 
Analogous results have been obtained for drug haemolytic activity on 
mammalian erythrocytes.” 


Jacobs, Glassman and Parpart, J. Cell. Comp. Physiol.y 1935, 7 » -^ 97 * 



PRINCIPLES OF INSECTICIDAL ACTION AS A 
GUIDE TO DRUG REACTIVITY-PHASE DIS¬ 
TRIBUTION RELATIONSHIPS. 

By H. Hurst. 

Received ind Septenibey, 1943. 

Considerable experimental evidence' has accumulated which shows 
that the biological activity of a drug may depend on molecular interaction 
■with the biological system involving (i) differential solubility in the cell 
lipoids * (Overton-Meyer), (ii) adsorption at cell interfaces ® (Traube), 
or more specifically (iii) polar interaction, van der Waals' non-polar inter¬ 
action, and specific stereochemical relationships of the reactants in the 
system.* 

The majority of the pharmacological systems which have been used 
in quantitative measurements of drug action are of the type in which an 
aqueous carrier medium serves to bring the drugs into contact with the 
biological system. Drug reactivity is then measured by the determination 
of the molar concentration of the drug which results in the production of 
a specific response in the biological system. It has generally been assumed 
that the main function of a carriOT medium is to bring the drug into 
contact with the biological system. It has also been assumed that, where 
drug access to the site of action is limited by a diffusion process through 
an intermediary biophase or membrane, the rate of drug access is propor¬ 
tional to the difference between drug concentration in the external carrier 
medium or " source," and in the site of action or " sink." This applica¬ 
tion of Tick’s Law to quantitative interpretations of drug reactivity has 
formed a basis which is fimdamental to all permeability studies. 

In the present paper the -validity of ihese fundamental assumptions 
will be considered in the light of experimental evidence which has resulted 
during the course of a recent investigation on the mode of insecticidal 
action. 


Drug Goncentration-Biological Activity Relationships. 

When immersed in pme kerosene or ethyl alcohol, mature Ccdliphora 
erythrocepheda blowfly larvae show no marked S3miptoms of paralysis even 
after an hour or longer. Mixtures of ethyl alcohol and kerosene are ex¬ 
tremely toxic, and the insects are immobilised within a few seconds. The 
permeability of the cuticle is so high in the presence of kerosene that rapid 
access of alcohol into the internal body fluids of the insect results in an 


tM 


' (o) Fiihner, Arch. exp. Path. Pharmak., 1904, 51, i, and 1904, 53, 09. 
Biochem. Z., igzi, 115, 235. (c) Warburg, Biochem. Z., 193T, 119, 134. 
Winterstein, Die Narkose, and ed., Berlin, 1926. (e) Tilley and Schaffer, 

Boot., X926,12,303, (/) Clark, The Mode of Action of Drugs on Cells, 1933, London, 
(g) Clark, Trans. Faraday Soc., 1937. 1057 (General Discussion on the ]^perties 
and Functions of Membranes, Natural and Artificial). (A) Meyer, ibid., io6a. 
(t) Meyer and Hernmi, Biochem. Z., 1935,377,39. {}) Ferguspn, Pros. Roy. Soc., B, 
1939.127* 387. (A) Davson and Danielli, The Pernteabihiy of Natural Membranes, 

Z943, Cambridge. 

* (b) Overton, Jahr. Wiss. Bot., 1900, 34, 669; (ft) Studien Hiber Narhose, 
1901, Jena. 

» (o) Traute, Pfii^ers Arch., 1904, 105, 541 ; (6) ibid., 1908, 133, 419 ; (c) 
Verhanm. deuisch. Physik. Ges., 1909, io» Soo. 

* (a) Schn lman and Rideal, Proc. Roy. Soc., B, 1937, I33, 29, (&) Schulman 

and Stenhagen, ibid., 1938, i:k», 356. (c) Schulman and Hideal, Nature, 1939, 
144,100. 
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increase in volume of about 50 % within three minutes. This stage is 
followed by the bursting of the insect when the internal pressure developed 
becomes excessive. These effects are produced with great rapidity by 
drug mixtures containing 20 to 80 % alcohol. On either side of this 
range equitoxic effects may be produced, showing that drug concentra¬ 
tion in the carrier medium is not necessarily a limiting factor in biological 
activity when an external insecticidal mixture is brought into contact 
with an insect. Where the concentration of alcohol is low, biological 
activity increases with increase in drug concentration. But where the 
concentration of ethyl alcohol is high, toxicity decreases with increase 
in drug concentration, since within this range cuticle permeability de¬ 
creases to a minimum as drug concentration increases to a maximum. 

The relatively enormous increase in cuticle permeability which is 
induced by kerosene illustrates the influence of a diffusion factor in drug 
access. The importance of carrier activity is shown by the fact that ethyl 
alcohol-water mixtures are relatively non-toxic for all dilution ranges. 

Similar effects of “ induced drug access " by fat solvents such as kerosene 
arc shown by other primary alcohols, fatty acids, ketones, amines, and 
phenols.® In these systems, the biological activities of given drug con¬ 
centrations in kerosene are logarithmically greater than the corresponding 
biological activities in aqueous carrier media. From this evidence, the 
iollowing conclusions may be drawn : 

(1) All components of a drug mixture may contribute towards gross 
biological activity. 

(2) The carrier in a drug mixture may participate functionally in the 
biological syistem so as to modify the " functional susceptibility’* of the 
biological system. 

(3) Pick’s Law is invalid as a general basis for drug concentration- 
biolo^cal activity relationships. Drug access may increase, remain 
constant, or decrease with increase in drug concentration, according to 
the associated changes in carrier activity. 

Drug-Biological System Phase Distribution Relationships. 

An insight into the nature of the association of drugs with the inter¬ 
mediary biophascs in a biological system which link the site of drug ap¬ 
plication with the site of drug action is provided from an examination of 
the insecticidal action of members of the homologous series of primary 
alcohols and fatty acids.® In these series of drugs corresponding homo- 
logues differ only in the polar portions of the molecules. 

The simplc.st method of external drug application consists in immersing 
the test insects in relatively large proportions of pure drug. Since the 
external drug phase is large in relation to the biological system, the dis¬ 
turbing influences of drug depletion in the external phase, and drug dis¬ 
tribution between the carrier medium and the insect, involving po.ssible 
solubility or adsorption factors, are avoided. In the homologous series 
of norm^ primary alcohols and fatty acids, the relative molax concentra¬ 
tions of the pure drags decrease with increase in chain length owing to an 
increase in molecular volume. The total decrease in the molar concentra¬ 
tion in each series is roughly fourfold, ascending the series from Cj, to Cg. 
The absolute molar concentrations of corresponding members in both 
series are approximately equal. 

The bulk internal biophase of an insect is essentially aqueous. When 
a solution of a drug in a non-aqueous carrier is injected into the haemo- 
lymph, complications which might arise owing to the possible influence 
on biological activity of drug distribution between the mutually im¬ 
miscible haemolymph/carriCT phases may be avoided by the injection of 
aqueous drug solutions. 

« Hurst, Nature, 1940, 145, 462. 

17* ■ 


* Ibid., 1:943, 153, 292. 
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The relative external and internal biological activities of members of 
the homologous series of normal primary alcohols and fatty acids are 
shown in the graphs (Fig. i (a), (6)). Each point on the curves represents 
the average of lo determinations of biological activity on insects selected 
from a uniform batch (mature PJtortnia tevranoves blowfly larvae). The 
drugs were administered externally by immersing the test insects in lo c.c. 
samples of each member of the drug scries. Biological activity was 
measured on a time-action basis when the drugs were applied externally. 
Survival time gave the most clearly defined criterion of activity under 
these conditions (Fig. i(a)). Paralysis was selected as an index of ititernal 

biological activity 
when the drugs were 
injected directly into 
the hmmolymph; 
owing to gradual 
leakage of drug and 
internal body fluids 
from the site of in¬ 
jection, death was a 
less reliable criterion 
of biological activity 
than pai^ysis. Com¬ 
parison between ex¬ 
ternal and internal 
drug reactivities may 
be made on the as¬ 
sumption that exter¬ 
nal biological activity 
is inversely propor¬ 
tional to survival 
time, and internal 
biological activity in- 
versdy proportional 
to the isoactive molar 
concentrations in the 
dosages injected, 
which were roughly 
25 mg./ioo mg. Imdy 
weight. The recipro¬ 
cals of the threshold 
molar concentrations 
which induce paraly¬ 
sis are expressed as 
arbitrary numerical 
indices of molecular 
activity (Fig. i ( 5 )). 

An^ysis of the 
data summarised in 
the graphs shows that 
drug access cannot be correlated with simple drug-cuticle phase distribu¬ 
tion relationships. Within the range Q to C# the penetration of the 
alcohols increases with chain length and reaches a maximum at Cg. 
Within a corresponding range, there is a relatively enormous decrease in 
the rate of penetration of the fatty acids ; drug access is at a minimum 
at a chain length of Cg. This divergence in dn^ access as both series of 
drugs axe ascended from Ci to Cg changes to a convergence as the series 
are ascended further from Cg to C,. At C7 survival times are of a similar 
order in both series. (Cg in the fatty add series is solid at normal room 
temperatures, and is therefore nnsuitable for comparison with the cor- 
req>onding liquid alcohol homoiogue.) 


Extirnal Dru^ Apjjb'caFion-S u/vi'm/ Time., 
(ImmtrstoM in pun dra^s). 



^ Cs 

Cham lanith. 

C7 «« 

Xntsmal Drv^ Application - Paralysis Inc^itan^ 


(InfKtion of aqueous dru^ solutions). J 


Ralative Molaeular Activity, / 
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Fcg. 1—^The relative external and internal biological 
activities of members of the homologous series of 
normal primary alcohols and fatty acids (Test 
Insect, Phormia igrraenovaa). 


0 Alcohols. 


A Fatty acids. 
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Difficulties arise when an attempt is made to correlate the relative 
external biological activities of the drugs with the internal biological 
activities. For systems in which the drugs are applied internally, there 
IS a rough proportionality in the alcohol series between molecular activity 
and chain length within the restricted range Q to Cb. In the fatty acid 
series, internal application shows that the isoactive molar concentrations 
remain relatively constant as the series is ascended from Cj to Cj. Increase 
in chain length produces no increase in biological activity which is com¬ 
parable with the exponential rate of change shown by the alcohols within 
this range. Where the chain length is short (Ql) the molecular activity 
of the fatty acids (formic acid) is roughly about 8o times that of the alcohol 
homologue (methyl alcohol). The dominant influence of chain leng^ 
in both series is sho^vn at Cj when valeric acid is isoactive with amyl alcohol. 
In both series the intensity of narcosis produced by internal drug applica¬ 
tion decreases as the chain length exceeds Cj. This change is most pro¬ 
nounced in the fatty acid series, and saturated aqueous drug solutions 
produce only incomplete paralysis. 

From this evidence the following conclusions may be drawn : 

(1) Where diffusion through an intermedia^ biophase which links the 
site of drug application with the .site of drug interaction in the biological 
system is a limiting factor in drug access, relative biological activity 
measured at the site of drug application may differ from relative drug 
activity at the ultimate site of action. Drug reactivity may increase, 
remain relatively constant, or decrease as a homologous series of drugs 
is ascended, according to the mode and the site of application, 

(2) Quantitative measurements of drug reactivity have generally 
been based on comparison of the molar concentrations which produce 
equi-toxic or equi-narcotic effects on selected biological test systems. 
The mode of application of a drug is generally severely restricted by the 
biological component of the pharmacologic^ system. For example, 
sjrstems such as erythrocytes, protozoa, bacteria, or isolated preparations 
of heart, muscle, nerve, and other tissues are usually examined when in 
contact with physiological media of which water is a major component. 
The ranges of drugs and drug concentrations are limited by physico¬ 
chemical factors, such as solubihty, and the aqueous carrier medium must 
be carefully selected to maintain a condition of physiological balance with 
the biological S37stem during the pmiod of experimental observation. 
In systems of this type, correlation of drug reactivity with solubility in 
the coll lipoids (Overton-Meyer) or with adsorption at ceU interfaces (Traube) 
may lead to ambiguity, since in homologous series, physical properties 
such as differential oil/water solubility, capillary activity, viscosity, or 
vapour pressure change imiformly in the same direction as the series are 
ascended. An exponential relation between molecular drug activity and 
length of hydrocarbon chain may simply express the tendency of the 
hy^ocarbon portions of the drug molecules to escape from the aqueous 
carrier medium into the lipoid centres of the biological system. Since 
these lipoids are invariably associated with other relatively hychophilic 
substances {e,g. proteins) to form complex systems of interfaces, it is dif¬ 
ficult to exclude the possibility of adsorption as a factor in drug-biological 
system phase distribution r^tionshijps where the drugs are capillary 
active. 

This complicating influence of phase distribution between a carrier 
medium and the biological component of a pharmacological system dis¬ 
appears when the biological system is brought into contact with pure drugs. 
Biological activity is now chiefly influenced by molecular interaction in 
the actual bioph^es of the biological system. By the use of relatively 
resistant test organisms, such as blowfly larvae, the influence of both polar 
and non-polar portions of the drug molecules is shown clearly by the 
gross divergence between the relative biological activities of the alcohols 
and fatty acids when corresponding homologues are compared. The 
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results recorded in Fig. i show that drug reacthdty cannot be attributed 
solely to simple distribution between immiscible phases based on differ¬ 
ential solubility or adsorption factors. 

Mechanism of Drug Access. 

The experimental evidence which has been provided shows that the 
measurement of the biological activity of a drug involves a precise defini¬ 
tion of the nature and site of drug interaction. When drugs arc applied 
externally to insects, the primary site of drug interaction, irrespective of 
biological response, is at the external surface of the cuticle. Secondary 
interactions may occur at specific receptors or loci in the intermediary 
chain of biophases (i) bulk cuticle framework, (ii) haemolymph and 
associated tissues. 

Nature of Cuticle Surface.—When blowfly larvae are suspended at an 
air/water interface, a monomolecular film spreads outwards along the 
interface. This surface film gels reversible at low surface pressures (2-4 
dynes/cm.), and becomes coherent and rigid when tannic acid is injected 
into the underlying water phase. This indicates the presence of pro¬ 
teins at the cuticle surface, since similar effects are shown with long chain 
amine or protein monolayers. The “ tanning " of these films is due to the 
multiple-point interaction of the polar groups in the tannic acid mole¬ 
cule with the ionised amine groups in the surface film.^® 

The presence of lipoid components at the cuticle surface is shown by 
the narcotic action of fat solvents. Blowfly larvae become rapidly paralysed 
when immersed in the lower membem (Q to Cs) of the homologous series 
of paraffins. Narcosis occurs within i to 2 minutes, even when the entrance 
of the drags into the tracheae is precluded by blockage of the spiracles. 
Since paraffins are insoluble in proteins, drug access must take place 
through lipoid loci at the cuticle surface. From this evidence it may be 
concluded that the surface of the cuticle in blowfly larvae is not homogeneous 
but composite, and consists of heterogeneous protein and lipoid associ¬ 
ations or “ patches " suggestive of a mosaic ultrastructure. 

Bulk Cuticle Framework.—^There are two primary layers in a typical 
insect cuticle, an outer “ lipoid " layer, or epicuticle, and an inner emtin- 
protein layer. ’ The epicuticle is secreted as a thin hydrophilic membrane 
by the epidermal cells. It is later “ tanned ” and impregnated with 
lipoid material, which by a process of condensation and polymerisation 
bwomes relatively resistant to the disruptive action of fat solvents and 
strong mineral acids. ® The inner layer of the cuticle consists of a chitin 
framework which is closely associated wdth the protein components. 
These are relatively water-soluble in blowfly larvae.* The bulk cuticle 
phase is permeated by a fatty secretion of the epidermal cells. This 
secretion passes through the cuticle along specialised ducts to the outer 
epicuticle ; there is probably a more general transmission of lipoid secretion 
through the " pore canals ” which form a network in the inner chitin- 
protein layer but do not pass through the epicuticle framework. 

It is clear from this brief description of the gross morphology that the 
cuticle consists of a complex system of heterogeneous phase.s, and cor¬ 
rection of biological activity of drug systems present as an external phase 
with cuticle permeability involves a specific definition of the limiting 
factors in drug-cuticle interaction. 

Action of Fat Solvents.—^Early in the present account it was shown 
that fat solvents such as kerosene ex»rt a marked synergistic action on 

Kdllmelt, Zooh Jahrb. Abt. Anai., 1928, 50, 219. 

• (a) Wig^esworth, Qt$art. J. Micr. Sd., 1933, 74 , 270; (6) The PnneipUse 
of Insect Physiology, 1939, London. (<j) Pryor, Pros. Roy. Soc„ B, 1940, laS, 393. 

• (tf) and Rudafl, ibid., 139, i. (6) Trim, Biochm. J., 1941, 35, 
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the rate of transmission of ethyl alcohol through the cuticle of blowfly 
larvae. Not only does the insect swell owing to rapid diffusion of the 
alcohol into the internal body fluids, but a cloudy swirling zone appears 
immediately outside the cuticle owing to the displacement of kerosene 
from the drug mixture by water which diffuses outwards from the cuticle.® 
Similar effecte have been described for other insects. Water also passes 
outwards from the cuticle when the insects are immersed in oils alone; 
owing to insolubility in the oil phase, the water assumes the form of minute 
droplets attached to the surface of the cuticle.^® 

Induced access of drugs owing to carrier activity does not depend 
primarily on vital transport through the bulk cuticle framework; fat 
solvents such as kerosene induce drug access through the cuticles of dead 
blowfly larvae. Analogous effects have also been obtained in synthetic 
^sterns in which a drug phase is separated from an aqueous phase by an 
isolated cuticle “ membrane,” or by a discrete component layer of the 
cuticle. The permeability of all component layers of the cuticle is increased 
by kerosene. The degree of induced drug penetration is most marked 
through the extreme outer layer, or epicuticlo,® in which the preponder¬ 
ance of lipoid constituents has been demonstrated histologically. 

The association of fat solvents with the cuticle framework is primarily 
physical, and the changes in permeability which are induced are readily 
reversible. For example, Calliphora larvae will swell rapidly in ethyl 
alcohol-kerosene mixtures, but further access of alcohol ceases when 
the insects are transferred to pure ethyl alcohol owing to ” wash-out ” 
of kerosene from the cuticle framework. Similar effects are shown with 
iholated cuticle preparations. This shows clearly the reversible nature 
of the functional changes in cuticle permeability which are induced 
by the association of the carrier in a drug mixture with the cuticle 
framework. 

After prolonged immersion in fat solvents, an irreversible increase in 
cuticle permeability takes place. This is shown by (i) an increase in the 
original rate of water loss by evaporation tluough the cuticle, and (ii) by 
a marked increase in the rate of access of pure drugs such as methyl or 
ethyl alcohol. After this treatment, the rate of drug access is still further 
increased by oil carriers such as kerosene, showing ^t only a proportion 
of the lipoid components are dispersed or remov^ by fat solvent action. 
This provides striking evidence that drug access does not depend primarily 
on, solubility in the lipoids, since reraov^ of lipoids from the cuticle would 
hardly facilitate drug access if this were the case. The main site of carrier 
activity is in the outer layers of the outer layer of the cuticle. When the 
epicuticle is removed or mechanically damaged, the insect loses its capacity 
for the conservation of water and rapidly becomes desiccated, showing 
that the inner chitin-protein layer is restively permeable to water. When 
the epicuticle is removed earner activity in the residual cuticle layers is 
relatively slight. 

The physical nature of the oil Carrie haa a marked influence on carrier 
activity. In the series hexane octane decane dodecane (kerosene 
range) -► heavy oil (medicinal paraf&n range) carrier activity decreases 
with increase in viscosity of riie carrier. These factors are relatively 
independent of carrier toxicity. For example, narcotic activity of the 
homologous series of paraflSns to blowfly lar^ shows a sharp “ cut-off ” 
as the series is ascended in the range C* -> Qo: dodecane (Cja) is relatively 
non-toxic. Within the range C® -► Cj# carrier activity is very pronounced, 
but the penetration of ethyl alcohol riurough the cuticle is only moderately 
increased by relatively viscous oils such as ” thick Nujol,” or medicinal 
paraffin. 


M Wigglesworth, Bull. Bni. Res., 1942, 33, 205. 



396 PRINCIPLES OF INSECTICIDAL ACT TON 

Physico-chemical Changes in Cuticle Framework produced by 
the Action of Fat Solvents. 

From the experimental evidence which has been providetl the changes 
in functional cuticle permeability wlucli are produced by the assoaation 
of fat solvent carriers with the cuticle framework may be attributed to : 

(i) A van dei Waals’ interaction between the fat solvent molecules 
and the lipoids of the cuticle, involving a reduction in mutual cohesion 
between the lipophilic elements or chains, and resulting in the production 
of a relatively open three-dimensional chemically linked network wMch 
encloses the more " labile " lipoid com]^nents in which the solvent niole- 
cules participate functionally. In this way the fat solvent increases 
the free volume of the lipoid phase, and may also act as a “ bridging 
medium which links discrete lipophUic patches in the bulk cuticle phase. 
Since both protein and lipoid components are enclosed in an elastic lattice 
framework, molecular alterations in the lipoid phase will probably induce 
associated changes in molecular orientation in the protein phase. The 
decrease in carrier activity which takes place with increase in carrier 
viscosity suggests that the bulk lipoid phase is normally of high “ func¬ 
tional viscosity.” The term “ function^ viscosity ” is not strictly com¬ 
parable with Newtonian viscosity in a homogeneous liquid, since the 
protein and lipoid phases of the cuticle are heterogeneous visco-elastic 
systems comprising chemically-linked networks which enclose the more 
” mobile ” components. “ Functional viscosity ” gives a measure of the 
” yield value ” of the lipoid phase to drug difiusion pressure. 

(ii) A secondary irreversible increase in the flexibility of the lipophilic 
lattice elements owing to a rupture of the cross-linkages which normally 
regulate the stability and elasticity of the lipophilic chains. The elastic 
restoring forces of the lattice framework oppose the dispersive or dis¬ 
ruptive action of the fat solvent. The irreversible increase in permeability, 
which probably involves an increase in free volume in the bulk lipoid 
phase, is due to the removal of " labile ” bonding components by fat 
solvent action, resulting in increased flexibility or mobility of the residual 
lattice chains. This would account for the increase in the mobility of 
water molecules especially in the outer layers or epicuticle, and also ex¬ 
plains the increase in the permeability of the cuticle to drugs such as fat 
soluble alcohols when a proportion of the lipoids of the cuticle have been 
removed by prolonged fat solvent action. 

Action of “Inert” Powders or Dusts. 

Additional evidence which supports the suggestion that the labile 
cuticle components act as a ” bonding ” phaxc which regulates the 
cohesion of the chemically-linked cuticle lattice elements is provided by 
the i^ecticidal action of ” inert ” powders or dusts. 

Finely divided powders such as quartz or charcoal readily adsorb the 
relativ^y labile lipoid or lipo-protein components from the surface of 
the epicuticle. This process is non-specific, and depends on the adsorptive 
and storage capacities of the .powder for the capillary active cuticle com¬ 
ponents, and also on the capacity of the epicuticle/powder interface for 
the transmission of these components. When the rate of removal of 
lipoid ^ adsorption displacement exceeds its rate of replenishment by 
transmission from the epidermal celk to the epicuticle, irreversible second¬ 
ary changes are produced in the epicuticle framework. This suggests 
that the labile components of the epicuticle constitute a bridging or bonding 
phase which links the flexible lipophilic elements of the epicuticle framc- 
yroxk. Depletion of this labile “ bonding ” phase results in a reduction 
in lateral cohesion of the lattice elements, and this permits an increase in 
the mobility of water molecules in the bulk epicuticle phase. Once this 
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stage IS reached, the insect is unable to control the rate of transmission 
of water through the cuticle, even when the external powder phase is 
removed, and rapid water loss soon results in death from desiccation. 

In the normal insect, variation in the rate of secretion of the “ bonding ” 
phase by the epidermal cells may result in corresponding changes in free 
volume and functional viscosity of the bulk epicuticle lipoid phase, thus 
providing a very sensitive regulatory mechanism for the control of water 
loss. " Inert ” dusts also increase the rate of water loss through the cuticle 
of dead insects, although the “ latent" period between dust application 
and eventual desiccation is relatively small owing to the absence of 
secretory activity of the epidermal cells. This is of interest, since in the 
living insect the regulatory action of the spiracles is a disturbing influence 
in the assessment of dust/cuticle water loss relationships. Analogous 
effects, which have been obtained in synthetic systems using artificial 
membranes as models of insect cuticle, have provided a very useful basis 
for predicting the toxicity of insecticidal dusts. 

Carrier and Dispersant Action in Mixed Drug Systems. 

Extending these concepts of earner action, it is seen that a drug may 
either induce its own access through the cuticle or exert a carrier action 
in mixed drug systems which is similar to that produced by fat solvents. 
For example, the survival time of Calliphora erythrocephala larvae in ethyl 
alcohol-octyl alcohol mixtures is shorter than the respective survival 
times in the pure drug components. This test insect is more susceptible 
than Phormia terranova larvae. Typical data showing the change in sur¬ 
vival time with change in the relative proportions of the components in 
ethyl alcohol-octyl alcohol mixtures axe shown in Table I. The data 


TABLE I. —^Biological Activity TABLE II. —Biological Activity 
OS' Ethyl Alcohol - Octyl of Amyl Alcohol-Cetyl Al- 

Alcohol Mixtures. cohol Mixtures. 


Drag System 
% Ethyl Alcohol. 

Survival Time 
(mins.) 

(Calliphon larvae). 

Drug System 
% Amyl Alcohol. 

Survival Tune 
(miss.) 

(CaK^tofA larvae). 

lOO 

97 

100 

5-5 

75 

16 

99 

6-5 

50 

1-5 

97 

9*5 

*5 

3 

95 

i 19-5 

0 

7’5 




in the table illustrate an example of drug synergism in which selective 
access of one component (ethyl alcohol) into the internal biophases of 
the biological system is induced by selective carrier action of another 
component (octyl alcohol) at a biophase, the cuticle, which is remote from 
the ultimate site of drug interaction. The action of octyl alcohol is 
similar to that of kerosene, but since the octyl alcohol itself is active, a 
factor of carrier toxidfy is idso involved in addition to carrier activity. 

Comparison of carrier activities in various mixed drug ^tems shows 
that in the homologous series of alcohols, carrier activi^ increases to a 
maximum and then decreases as Ihe series is ascended and capillary 
activity becomes pronounced. In feet, strongly capillary active alcohols 
such as cetyl alcohol exert "negative carrier activity," or antagonism 
on the rate of access of drugs of relatively low capillary activity (Table II). 

It is seen from the data in the table that relatively small x^oportions 
of cetyl alcohol are effective in reducing the biological activity of the 
major component of the drug mixture (amyl alcohol). 
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In the homologous series of fatty acids, carrier activity is less marked 
than in the alcohol series and becomes pronounced at a later stage (C^ to C,) 
than in the alcohols (C* to C®). 

Drug-cuticle Phase Distribution Relationships. 

The experimental evidence which has been here provided may be used 
as a basis for the interpretation of more specific factors in drug access. 
It is clear that the cuticle framework cannot be regarded as a homogeneous 
phase, but is more analogous to a composite visco-elastic system of liquid/ 
liquid interfaces, comprising a hydrophilic protein gel phase winch is 
associated with a hydrophilic lipoid phase of high “ functional viscosity." 

Drug penetration through the bulk cuticle i^mework may involve: 

(1) Diffusion through the bulk protein phase. 

(2) Diffusion through the bulk lipoid phase. 

(3) Free diffusion through the pores or canals in the bulk cuticle 
framework. 

{4) Free diffusion through a bulk cuticle phase in which the lipoid 
and protein components are rendered mutually miscible, or functionally 
homogeneous by the dispersant action of the drug components. 

(5) Two-dimensional diffusion along the Gibbs’ layer, or internal net¬ 
work of liquid/liqxud interfaces. 

The experimental evidence does not support drug access through the 
bulk protein or lipoid phases. From differential solubility considerations 
alone, the rate of change in drug access should proceed uniformly and in 
the same direction in both homologous series of alcohols and fatty acids 
as the series are ascended. Similarly, any attempt to correlate drug 
penetration with adsorption at liquid interfaces of the oil/water t^e is 
precluded, since the work of adsorption of alcohols and fatty acids at 
an oil/water interface increases umformly in both scries as surface activity 
increases. 

Structurally, the cuticle framework contains an extensive system of 
" pore canals " which extend from the inner epidermal cells to the inner 
surface of the epicuticle.*»»That molecular " sieve action" is not 
a limiting factor in drug access is shown by the following evidence : 

(i) The main site of induced drug access is in the outer epicuticle layer, 
which does not contain macroscopic pore canals. 

(ii) Molecular volume increases in both series of alcohols and fatty 
adds as the series are ascended. Drug access may either increase or de¬ 
crease in both series (Fg. i (a)). 

The possibility also exists that interaction of the external drug mixture 
with the heterogeneous lipoid and protein components of the cuticle 
induces mutuaJ dispersion or " omul^cation " of these components so 
that drug access is mainly influenced by the concentration gradient across 
a jfunctionally " homogeneous " bulk cuticle phase. This possibility is 
precluded by the following evidence: 

(i) Concentrated aqueous solutions of protein and lipoid dispersant 
such as sodium cetyl sulphate are relatively non-toxic to blowfly larvae, 
and fail to disrupt the epicuticle framework. After immersion in 25 % 
aqueous sodium cetyl sulphate for half an hour, blowfly larvae are stUl 
active and resistant to pure methyl or ethyl alcohol. 

(ii) Systeins {e.g. oleic acid, oleyl alcohol, cetyl alcohol) which should 
induce emulsification of the lipoid and protein cuticle components exert 
a pronounced antagonistic action wh®a incorporated in an external drug 
gtase such as amyl alcohol, or ethyl adcohol-kerosene mixtures (c/. Table 

The experimental evidence favours a two-dimensional surface diffusion 
along the Gibbs’ layer or functional interfaces of •the lipo-protein mosaic. 

^ Dennell, Natufe, 1943, 15a, 50. 
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The physico-chemical factors which may influence this mode of drug 
access include : 

(i) Concentration at the Gibbs’ layer. 

(ii) Spreading coefficient at the Gibbs’ layer. 

(iii) Physical nature of the adsorbed monomolecular film. 

(iv) Functional viscosity of bulk lipoid phase. 

(v) Functional viscosity of bulk protein phase. 

(vi) Presence of other capillary a^ve reactants at the Gibbs’ layer. 

(vii) Specific molecular interaction of drug molecules with functional 
cuticle components at the Gibbs’ layer. 

Under conditions in which the viscosity of the bulk lipoid phase is 
not a limiting factor in drug access, i.e. with pure drugs or drug-kerosene 
mixtures within the range Cj to Ca, the biological activity of the alcohols 
present as an external drug phase falls rapidly as the series is ascended. 
This cannot be attributed to changes in mterndl molecular activity as 
measured by injection of the drugs into the haemolymph. Since capillary 
activity increases in the direction C# to Q, the relative degree of adsorption 
also increases in this direction. It is clear, from these considerations, 
that molecular drug concentration at the Gibbs’ layer is not a limiting 
factor in drug access. 

In homologous series, the spreading coefficient at the Gibbs' layer 
decreases as the hydrocarbon chains of the drug molecules become longer. 
This is due to an increase in the mutual cohesion between the molecules 
at the surface. Within the range Ci to C® the adhesion between the hydro¬ 
carbon chains is relatively small, and the molecules from mobile " gaseous ” 
films. The adsorption of drugs at the functional liquid/liquid interfaces 
in the cuticle framework is primarily influenced by the work of adsorption 
at an oil/water interface. The rate of spreading or the mobility of an 
alcohol, e.g. octyl alcohol, at the oil/water interface may be slowed down 
considerably by increase in viscosity of (i) either of the bulk phases, or 
(ii) by the presence of an adsorbed interfacial film of moderately high 
capillary activity {e.g. cholesterol, cetyl alcohol, oleyl alcohol). 

The above considerations suggest that the limiting factors which 
influence two-dimensional drug d^usion through the cuticle framework 
are: 

(i) Polar interaction of the drug molecules with the protein com¬ 
ponents at the Gibbs' layer. 

(ii) Non-polar van der Waals’ interaction between the hydrocarbon 
chains of the drug molecules and idle Hpoid components at the Gibbs' 
layer. 

(iii) Interfacial viscosity at the Gibbs’ layer, which may be modified 
esqperimentally by the presence of substances of high capillary activity 
in the external drug phase. Selective adsorption of these substances 
results in a blocking of the interface, thereby producing a decrease in the 
accessibility to other components in the external ding mixture which 
are of lower surface activity. 

Two-dimensional drug diffusion along the Gibbs’ layer does not pre¬ 
clude three-dimensional diffusion through the bulk lipoid and protein 
phases, which probably is predominant with non-capillajy active systems, 
but from this elucidation of the limiting factors in capilla^ active drug 
access, it is now possible to explain the gross divergence in drug access 
between the alcohols and fatty acids recorded in Fig. i. 

Penetration of Alcohols.—^Owing to weak polar interaction of alcohols 
with the proteins of the cutide, and weak non-polar interaction of the 
lower members (Ci to C,) with the lipoids, carrier activity of the drugs is 
relatively feeble within this range. As the series is ascended from Cj to 

Adam, The Physics and Chemistry of Surfaces, London, 1941. 
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Cg, the increase in carrier activity o-wing to dispersant action of the alcohols 
on the lipoid phase results in an increase in functional cuticle permeabilit}'. 
A specificity factor appears to be involved in the non-polar interaction 
of the drug molecules with the lipoids of the cuticle, for dispersant action 
decreases as the series is ascended further from Cg to C#, within which 
range drug access also diminishes. It is possible, however, that with 
increase in chain length, the increase in the cohesion of the drug molecules 
becomes a limiting factor in mobility within the range Cg to Cg. 

Penetration of Fatty Acids, —^Thc strong polar interaction of fatty acids 
with the protein components of the cuticle is sufficient to induce a selective 
penetration through the protein phase by the preliminary rupture or 

dispersion of salt interlinkage systems {e.g. —COO NH,—) owing to com¬ 
petition of the polar groups of the drug molecules. Evidence for this 
assumption is provided by the penetration and expansion of S3nithetic 
monomolecular amine and protein films by fatty acids.^® It is possible 
to visualise a competition between the lipoid and the protein components 
of the cuticle for the fatty acid drug molecules. Where chain length is 
short {e.g. formic acid) polar ^oup interaction will be a limiting factor 
in drug access. Rapid penetration through the cuticle takes place through 
the protein phase since the weak short range van der Waals’ attraction 
forces between the drug molecules and the lipoid phase are not limiting 
factors in drug mobility at the Gibbs' layer. As capillary activity in¬ 
creases, the drug molecules tend to become anchored at the external layers 
of the cuticle owing to a balance between the polar and non-polar inter¬ 
actions of the molecules with the lipo-protein associations at the Gibbs’ 
layer. The stability of the lipo-protein-drug association reaches a maxi¬ 
mum at C# (valeric add) when drug access is at a minimum, From Cg to 
C, this stability decreases as the i^uence of non-polar interaction begins 
to predominate over the competing influence of polar interaction. Dis¬ 
persion of the lipoid phase now becomes a limiting factor in drug access, 
and increase in functional cuticle parmeability accounts for the increase 
in drug reactivity within this range. 

The dispersant action of drugs and fat solvent carriers on the cuticle 
is extremely complex. In lipo-protein associations, dispersant action 
must certainly involve both lipoid and protein components since these 
are invariably closely associated in living biological systems, and related 
changes in molecular orientation wiU take place depending on the elastidty 
of the bounding lattice framework. It is likely that the functional liquid/ 
liquid interfaces in the cuticle framework are saturated with the relatively 
labile capillary active lipo-protein associations initially secreted by the 
internal epidermal cells. Primarily, dispersant action may involve a 
reversible reduction: in the mutual cohesion of the labile Upo-protcin associ¬ 
ations at the Gibbs' layer. Monolayers oC sterols are readily penetrated 
by short chain fatty acids or alcohols resulting in tlie formation of mobile 
“ ^eous ” films.'* Prolonged association of the cuticle witli drugs or 
fat solvents produces an irreversible increase in permeability, which may 
be correlated with displacement of tiie lipo-protein associations; in this 
condition the cuticle is in a state of physiological unbalance, which is 
reflected by the increase in the rate of water loss. In the normal insect 
conservation of essential water is a major physiological role of the cuticle 
framework, and this is achieved by the modification of the extreme outer 
layer to form the epicnticle. 

Induced access of drugs by non-polar solvents such as hexane, octane, 
or dodecane, may be ascribed largely to a decrease in the functional 
viscosity of the Hpoid phase restiltii^ in a large increase in functional 
cuticle permeabilify. The fact that induced penetration does not occur 
in an aqueous carrier medium sugg^ts that the gdl structure of the protein 

'* Cockbain and Schulman, Trans. Faraday Soc., 1939, 35, 716. 
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phase IS relatively compact, and the possible swelling action of the carrier 
medium by participation in the protein phase, is insufficient to permit 
acceSwS of drugs even when the molecular volumes are small. Induced 
penetration occurs with polar carriers of moderate capiUaxy activity 
{e,g. octyl alcohol) since the increase in drug mobility owing to dispersant 
carrier action is a more important factor in drug access than the opposing 
influence of carrier adsorption at the Gibbs’ layer. Where the capillary 
activity of the carrier is high {e.g. cetyl alcohol, oleyl alcohol, cholesterol, 
or oleic acid), blockage of the Gibbs’ layer by selective carrier adsorption 
accounts for the antagonistic influence of carrier activity on drug access. 

Drug Reactivity at the Site of Action. 

If the valid assumption be made that the primary interaction of drugs 
injected into the hsemolymph takes place at specific lipoid or protein 
loci, and that the interactions at specific enzyme centres embedded in the 
lipo-protein associations occur secondarily, it becomes possible to correlate 
internal molecular drug reactivity with external drug reactivity, where 
diffusion to the site of action is a disturbing influence. 

From Fig. i (6), it is seen that the relation between internal molecular 
activity and chain length of the homologous series of alcohols approximates 
to an exponential form which is characteristic of pharmacological data 
expressing equilibria between drugs and cells. This indicates tlmt, where 
diffusion to the site of action is not a limiting factor in drug access, 
biological activity depends on the van der Waals’ interaction of the non¬ 
polar portions of the drug molecules with the lipoid loci at the specific 
cell receptors. 

The molecular isoactivity of the fatty acids as the series is ascended 
from Cj to Cs suggests that, within this range, biological activity is in¬ 
fluenced chiefly by head group interaction of the polar portions of the 
drug molecules with the protein receptors at the site of action; increase 
in length of hydrocarbon chain produces no increase in biological activity 
which is comparable with the logarithmic rate of change shown by the 
alcohols. Where chain length is short, the molecular activity of the 
fatty acids is much higher than that of the corresponding alcohol homo- 
logfues. The influence of chain length is shown by the fact that at Cj 
both series are isoactive, showing that a critical value in the van der 
Waals’ interaction of the drug molecules with the lipoid centres has been 
attained. When the drugs are applied externally, this critical value is 
also reached at a chain length of C*, but the selective molecular interaction 
of the drugs with the cuticle framework, owing to selective polar inter¬ 
action of the fatty acids with the protein components, results in a maximum 
divergeiice in relative drug reactivity (Fig. i («)) showing clearly the influence 
of a limiting diffusion factor. 

Molecular Interaction as a Factor in Narcosis. 

The theory, flrst proposed by Overton and H. Meyer, that narcosis 
depends on the interaction of the drugs with the ceU lipoids has recently 
been formulated in a more general manner by K. H. Meyer : 

" Narcosis commences when any chemicaliy indifferent substance has 
attained a certain molar concentration in the lipoids of the cell (or, to be 
more precise, in the lipoidic alcohols of the cell substance). This con¬ 
centration depends on ^e nature of the animal or cell, but is independent 
of the narcotic.” 

Meyer points out that this rule has nothing to do with membranes, 
but is merely an expression of the fact that the irritability of the cell is 
diminished when the lipoidic alcohols of the cell become charged with a 
limiting threshold concentration of narcotic. The evidence provided was 
based on comparison of the isoactive concentrations of gaseous and water- 
soluble narcotics which produce narcosis when applied as an external 
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drug phase to mice and tadpoles respectively. From the experimental 
evidence obtained, Meyer concludes that there is no kind of correspondence 
between narcotic activity and surface activity, and that any theory which 
is based on a connection between these two is not in agreement with the 
facts. 

On the other hand, the regularity was observed that the concentration 
in oleyl alcohol as set up in equilibrium with the effective concentration 
in the medium (air or water) is always constant, or nearly so. Correlation 
of biological activity with solution in the cell lipoidic alcohols was based 
in this analogy of drug phase distribution relationships. 

Clark and other workers have stressed the fact that the regularity with 
which the pharmacological activity of narcotics increases with length of 
hydrocarbon chain may be explained most readily by the hypothesis 
that the narcotics are adsorbed on surfaces in the cells, although most of 
the results are consistent with the alternative h37pothesis that drugs dis¬ 
solve in and alter the cell lipoids.^** f’ ® 

WTien the experimental facts of observation are in accord with either 
of two fundamental physico-chemical laws, i.e. (i) distribution between 
immiscible phases depending on differential solubiUty, or (2) distribution 
depending on adsorption at interfaces, the apparent ambiguity disappears 
in a wider statement of theory, or in more specific definition of the variable 
factors in the particular systems. The chief difficulty in the interpretation 
of the significance of pharmacological data has been the lack of precision 
in the experimental evidence as to the nature of drug-biological system 
phase distribution relationships. This ambiguity disappears when the 
nature and site of drug interaction is more clearly defined. Comparison 
of -the biological responses produced by injections of aqueous solutions of 
alcohols and fiitty acids into the haemolymph of Phormia larvae shows : 

(i) The narcotic symptoms produced by injection of the lower members 
Cx to Ca in both series of drugs are relatively ill-defined. Drug tolerance 
is small within this range. Drug concentrations above the threshold 
narcotic values produce rapid pathological changes in the tissues resulting 
in death shortly after drug injection. 

(ii) Intensity of narcosis and tolerance to higher concentrations than 
the threshold narcotic dosages reaches a maximum at C«. 

(iii) With further increase in chain length (Q to Cg) the intensity of 
narcosis decreases in both series. With the alcohols, this becomes most 
apparent at C#; saturated aqueous solutions of higher homologues are 
rdatively inactive when injected, and fail to produce complete paralysis. 
With the fatty acids, biolo^cal activity falls off at a slightly earlier stage 
(Cj); saturated solutions of higher members are relatively inactive. 

If biological activity is measured by the vntensity and duration of the 
symptoms of paralysis produced by drug injection, correlation between 
the molecular activities of the alcohols and fatty acids is shown at a chain 
length of C*. The relative differmices in activity between the lower 
members in both series may be attributed to chemical reactivity due t<^ 
head group interaction of the drug molecules with the protein receptor 
groups in the biological system. At C®, van der Waals* interaction between 
the hydrocarbon chains of the drug molecules aud the lipoid receptors 
becomes a limiting factor in drug reactivity in the particular systems used. 
This suggests that narcosis is influenced by specific non-polar stereo¬ 
chemical relationships between the drug molecules and the Upoid receptors 
at ^e site of action. The marked analogy betweraa the nature of the inter¬ 
actions of drug molecules with the Hpo-protein associations of the cuticle 
framework and the internal receptors at the site of action suggests tiat 
adsorption at functional Hpoid/protein interfaces within the insect is a 
major factor in biological activity. 

The do min a n t influence of a diflusion factor in measurements of drug 
reactivity is shown clearly by the following experimental evidence: 
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Dviring the mature larval stage, the cuticle of the blowfly Phormia 
Urranova increases greatly in thickness, and the relative resistance to 
drugs such as alcohols and fatty acids applied externally increases during 
this stage. The relative resistance to drugs applied internally by in¬ 
jection into the hscmolsonph shows no marked change as pupation ap¬ 
proaches, Similar experiments on the related series of blowfly larvae 

{<*) Calliphora (6) Phormia (c) Sarcophaga 

erythrocephala ternsnovts falculata 

show that functional cuticle permeability and relative susceptibility to 
drugs applied externally decreases in the direction {a) -* (6) -->• (c). When 
the drugs are applied internally by injection, molecular isoactivity is shown 
by corresponding homologues in all three species of test insect. These 
experiments show that the “ biological activity ” of a drug has little quanti¬ 
tative significance unless the mode of drug application and the drug-biological 
system phase distribution relationships are clearly defined. 

When Calliphora erythrocephala larvae are immersed in pure alcohols, 
penetration through the cuticle takes place more rapidly than through 
the cuticle of Phormia larvae (Fig. i {a)). Since the internal molecular 
activities are of a similar order, it is permissible to compare the relative 
external activity per molecule by the reciprocals of the survival times 
when the insects are immersed in pure drugs, taking as unity the survival 
time in pure methyl alcohol for each organism. The results are recorded 
in Table III. The results show that with both test insects molecular 
activity increases from Q to Cj as the series of drugs is ascended, but the 
rate of- increase in biological activUy is much more pronounced with Calli- 
phora than with Phormia. From Cj to Ce biological activity falls in both 
systems. 

TABLE III,— Relative External Biological Activities of Homologous 
Series of Alcohols to Insects of Different Susceptibility, 


Leni^ of Chain. 

Survival Tixoe (mins.). 

Molecular Activity. 

Phormia. 

Calltphora. 

Phomua. 

Calliphora 

Cl . 

190 

125 

100 

I-OO 

<:« .... 

160 

93 

i-j8 

i -34 

Cj . 

135 

25 

I- 4 I 

3*58 

C4 . 

85 

7 

2*23 

17*9 

Cg . . . . 

50 

5*5 

3-8 

25-0 

c, . 

xas 

6 

1-52 

20'8 

a . . . . 

150 

7*5 

1*26 

i6-7 

Cg . 

170 

9-5 

1-12 

13-2 


These results have an important bearing oh interpretations of drug 
specificity in pharmacological systems. It has gener^y been assumed 
that drug specificity depends mainly on the nature of the molecular 
interaction of the drug with the ultimate ceU receptors in the biological 
system. Where differences in drug access are limiting factors in biological 
activity in a range of biological systems, the relative biological activities of 
a range of drugs measured with one particular biological test system may 
differ considerably from the corresponding biological activities measured with 
another system, even though the molecular activities at the sites of action in 
the systems are similar. This may be attributed to the selective action 
on dj^g access of drug molecular interaction with intermediary biophases 
in the biological system which Unk the drug “ source " wilh the drug 
■*' sink.*' 
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Still further complexities appear when the range of biological systems 
is extended to include other insects. By far the majority of insects (e.g. 
adult Diptera, larval and adult stages of Coleoptera, Lepidoptera, nymphal 
and adult stages of Orthoptera, Hemiptera) become rapidly immobilised 
when immersed in pure drugs such as alcohols and fatty acids, and bio¬ 
assay is impracticable in such systems owing to the rapidity of response 
produced. Even fat solvents such as kerosene, which arc relatively non¬ 
toxic to dipterous blowfly larvae, are rapidly toxic when presented to other 
insects as a relatively large external drug phase. These differences cannot 
be ascribed entirely to diffusion factors. Kerosene is non-toxic to blowfly 
larvas when injected into the haemolymph at dosages as high as 30 mg./ioo 
mg. body weight. In fawt, in the homologous series of paraffins, there 
is a sharp cut-off in internal and external toxicity as the series is ascended 
within the range C# to Cu. Below this range, rapid paralysis is induced 
within I to 2 minutes either by external or by internal drug application. 
Above this range, the insects survive from 1 to 3 hours. With other 
insects the biological “ cut-off ” in toxicity takes place higher in the 
series. Even high boiling fractions of the medicinal parafiSn type produce 
rapid paral3rsis when applied externally or internally, although in systems 
of this tjrpe, complications arise from the rapid increase in viscosity as 
the series is ascended. Where the test insect is susceptible to carrier 
toxicity, bio-assay of drug activity becomes more difi&cult, and involves 
a reduction in the relative volume of drug phase applied to the insect 
externally. For example, the drug naixture may be first deposited on a 
porous substrate, where a proportion of the mixture becomes immobilised 
by absorption or adsorption processes. The deposit of drug mixture may 
be adjusted to form a thin film in the surface of the framework. " Film 
activity ” may be measured by introducing suitable test insects on to the 
substrates which are treated with a range of deposits and drug concentra¬ 
tions.^* In systems of this kind, transport of the drug to the test insects 
is mainly influenced by the capacity of the localised (frug film/test insect 
interface for drug transmission. 

Carrier Activity of Aqueous Drug Solvents. 

It has been pointed out that water has a negligible carrier activity 
in the presence of drugs of low molecular activity, such as ethyl alcohol. 
With drags such as pyrethrius, molecular activity is extremely high, and 
these toxic principles form the chief basis of existing insecticidal mixtures. 
No synthetic insecticide has yet been prepared which approaches pyrethins 
in biological activity. P3nrethins are powerful nerve poisons, which 
interact specifically with the peripheral and central nervous systems of 
insects. The molecular structures of the pyrethiin I and II molecules 
are exceedii^ly complex, and owing to the instability of the drugs, un¬ 
certainty still exists as to the precise structure, although valuable con¬ 
tributions to this aspect have been made recently by GiUam and West.** 

Drug reactivity depends on multipoint head group and non-polar 
interaction with specific receptors in the nervous system. This inter¬ 
action is primarily reversible, but eventually leads to dispersion or dis¬ 
ruption of the narve cells, which may be shown by appropriate histological 
techniques. Where the carrier system consists of two miscible phases 
(i) an orgasaic solvent (ethyl alcohol), and (ii) water, the bulk homogeneous 
carrier phase is relatively non-toxic to bloi^y larvae, such as Calliphora, 
for aU pro;^rtions of the components. If pyrethrins are present in this 
mixed carrier system, the threshold concentration of pyrethrins which in¬ 
duces primary symptoms of paralysis in the insect decreases as the proportion 
of waiet in the system increases. 

This S3^tem has been used as a basis for a standard method of 
bio-assay (Hurst, Nature, 1943, *5®* 4oo)« 

Giflam and West, /. Chem. Soc., 1942, 139, 487, 673. 
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The interpretation of this “ aberrant " example of drug concentration- 
biological activity relationship is possible from some experiments which 
have been carried out on the Adam-Langmuir trough,^* The capillary- 
active p3n:ethrins are only very slightly soluble in water. The drug mole¬ 
cules form a highly mobile " gaseous ” or " liquid-expanded ” monolayer 
at the air/water interface. This is due to the multipoint polar attraction 
of the orientated molecules for the water phase, and also to the small 
mutual cohesion of the hydrophobic portions of the molecules. The 
non-toxicity of a given concentration of pyrethrins in a pure ethyl alcohol 
carrier is due to the fact that adsorption from the organic solvent does 
not take place, Traube’s rule docs not hold for adsorption from organic 
solvents. The short range forces between hydrocarbon portions of mole¬ 
cules are much feebler than the fields of force associated with polar portions 
of the molecules ; hence positive adsorption of a capillary active drug 
molecule at an organic solvent/air interface or organic liquid/liquid inter¬ 
face does not occur, since this would involve an increase in free energy of 
the system. 

Since lipoids are present at the surface of the cuticle of blowfly larvae, 
the contact of an external water phase with the cuticle will immediately 
introduce a system of functional lipoid/water interfaces at discrete loci 
on the cuticle surface. When water is added to an external drug phase 
consisting of a solution of pyrethins (0*2 %) in ethyl alcohol, adsorption 
of pyrethins takes place at the functional lipoid/water interfaces intro¬ 
duced into the system by the addition of water. The increase in con¬ 
centration of pyrethrins presented to the insect at this two-dimensional 
interface is greater than the corresponding decrease in concentration in 
the bulk external drug mixture owii^ to the diluent action of water. 
Owing to the high molecular reactivity of the drug molecules, cuticle 
permeability is no longer a limiting factor in drug access at certain initial 
concentrations in the original ethyl alcohol carrier phase. 

Biological Activity of Drugs Applied as Esiterual Two-dimen¬ 
sional System. 

When pyrethrins are applied in an organic solvent such as kerosene, 
penetration of the drug through the cuticle takes place rapidly, owing to 
high carrier activity. The factors which influence this “ induced pene¬ 
tration ” have alr^dy been considered in other drug systems. With 
the following range of test insects, relative resistance (measured by applica¬ 
tion of insecticides as three-dimensional “ films ") increases in the order 


{«) 

Pkormia 

(6) Calliphora 

(c) Sarcophaga 


terrcmovcB 

-V erythrocephala 

falculaia 


(adult) 

(adult) 

(adult) 

(d) 

Tenebrio 

(e) Tenebrio 

if) Calandra 


molitor 

molitor 

granaria 


(adult) 

(larva) 

(adult). 


When pyrethrins are adsorbed as a unimolecular film at the air/water 
interface, the relative activities of the drug molecules at the Gibbs’ layer 
may be measured by using test insects as biological indicators. The insects 
are suspended at the Gibbs’ layer, or immersed in the underlying aqueous 
bulk phase. By carrying out these experiments in the Adam-Langmuir 
trough, the concentration or activity of the adsorbed monolayer of 
pyrethrins may be varied experimentally by means of moveable waxed 
barriers. The results of such experiments have shown that (i) the 
biological activity of pyrethrins in Ihe bulk aqueous phase is negligible, 
and (ii) the relative orhr of resistance of insects to pyrethrins applied as a 
two’-dimensional film corresponds to the order of resistance when the drugs 
a/re applied as a three-’dimensional phase in an organic solvent. 
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Pharmacological Action in relation to Fundamental Biological 
Pattern. 

From these results the following conclusions, which are of general 
biological significance, may be drawn : 

(1) Measurement of the biological activity of capillarj^^ active drugs 
by determination of the active concentrations in an aqueous carrier medium 
is not necessarily an indication of the active concentrations at tho cairier/ 
biological system interface owing to the possibility of selective adsorption 
at the functional lipoid/^vater interfaces induced by contact of the carrier 
w-ith the biological system. 

(2) Wherever an aqueous phase participates functionally, or is intro¬ 
duced into a biological system, adsorption of capillary active drugs at 
biophases in contact with this aqueous phase may be a limiting factor in 
drug reactivity. 

The general implications of these principles are immediately obvious, 
for lipoid/protein interfaces, which are fundapicntally of the oil/water 
type, are of universal occurrence in biological systems. The carrier 
activity of an external aqueous phase for pyrethrins is parallelled by the 
carrier activity of the internal body fluids of the insect when capillary 
active drugs are injected into this biophase. This accounts for the t5rpical 
Traube series formed by the molecular activities of the homologous series 
of monohydric alcohols when injected into the hsemolymph of blowfly 
larvae (Fig. i (6)), Moreover, the generalisation Imown as Richardson's 
rule, which states that for any one organism, biological activity in a homo¬ 
logous series of drugs increases with increase in molecular weight may be 
regarded simply as an expression of the escaping tendency of each succes.sive 
homologue from an aqueous phase to the lipoid receptors in the system. 
More specifically, the logarithmic relation between biological activity and 
length of carbon chain suggests that, in systems in which this relation 
holds, selective molecular interaction with an intermediary biophase is 
not a limiting factor in drug access, and also that biological activity is 
influenced by a relatively specific van der Waals' interaction of liie drug 
molecules with the lipoids at the site of action. This relation holds for 
a wide range of straight chain compounds. The relatively high molecular 
activities of the lower fatty acids Ci to C* when injected into the hsemo- 
lymph of blowfly illustrate the " swamping ” effect of polar interaction 
on non-polar interaction, and it is likely that the apparent lack of cor¬ 
relation between the biological activities of the lower members in homo¬ 
logous scries of drugs and chain length is due to a similar effect, which 
may be accentuated when drag access to tho site of action is influenced 
by selective molecular interaction wth a bounding membrane sy.stem. 
These considerations help to explain the chief difficulty which has hitherto 
precluded a more general acceptance of tho adsoi^ption tiicory, namely 
that the parallelism between plxarmacological action and capillary activity 
does not hold when different series are compared. 

The wider implications of these principles become apparent from 
examination of the large body of pharmacological data which shovrs that, 
in many systems, the specific and non-specific reactivities of aqueous 
drag mixtures depend on drug interaction at biophases in which diffusion 
process^ are not limiting fetors in drug access. For example, immersion 
and micro-injection experiments on. umcellular organisms have shown 
that narcotics and more chemically active drags {e,g. cyanides) act specific¬ 
ally on the surface of protozoa such as amo^ae or paramoecia.i* When 
a multicellular tissue such as frog’s heart is exposed to an aqueous solution 
of methylene blue, pharmacological action involves a surface atropinc-like 
action which occurs before penetration of the dye into the heart cells 
takes place. Si m il ar ly, the antagonistic action of methylene blue on the 


r 427, 938. (6) Briuley, 

J. Gen. Pkystol, 1928, aoi ; {0) Proc. Soc. Eifp. Bid. Mel, 19*8, ag, 305! 
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specific inhibitory activity of acetyl choline occurs before the heart cells 
are stained by the dye.^’ 

In systems of this kind, drug reactivity will be influenced primarily 
by distribution between an aqueous phase and a heterogeneous surface 
which is the site of action. Since it is reasonable to assume that at least 
some of the lipophilic elements at the site of drug action will be directly 
in contact with the bulk aqueous phase, the presence of this phase introduces 
functional lipoid/water interfaces into the system. Where the drugs are 
non-capillary active, interaction with the lipoid centres will depend on 
differential solubility between the bulk aqueous and lipoid phases. For 
capillary active drugs, molecular interaction will be primarily related 
to the work of adsorption at an oil/water interface. If the lipoid loci 
at the site of action are of unimolecular thickness, the distinction between 
differential solubility and adsorption factors tends to disappear, since the 
distribution equilibria in both systems will depend on drug fixation at a 
two-dimensional interphasc. 

The analog between pharmacological action in living systems and 
drug phase distribution equilibria in heterogeneous oil/water synthetic 
systems only holds for certain pharmacological systems in which an 
aqueous phase is an essential component, and a diffusion process is not a 
disturbing influence in drug access. These simple model systems cannot 
be used to explain the gross divergence in drug access between correspond¬ 
ing homologues of alcohols and fatty acids (Fig. i). A specificity factor 
is clearly involved, and the key to the fundamental nature of this factor 
is obtained from a comparison of a wide range of pharmacological systems. 
All biological systems contain protein and lipoid elements, which are 
functionally fixed structures in which physiological balance may be 
regulated by the functional participation of secondary biophases {e.g. 
enzymes) in the systems, Sbracturally, Upo-protein systems are more 
analogous to visco-elastic gels than to heterogeneous liquid systems. 

The conception of structure in a biophase leads to the possibility of 
selective drug access owing to specific molecular interaction of the drug 
molecules with the fixed active or receptor groups in the bulk biophase. 
The drug or carrier may alter selectivity by inducing reversible or irre¬ 
versible changes in the lipo-protein associations, or more specific associ¬ 
ation of the <&ug with the lipoid and protein components may take place 
so that biological activity is obscured by selective drug access. In liquid 
S3ratems, sele^vity is a function of drug mobility in a bulk liquid phase. 
Although liquid/liquid systems are of common occurrence in biological 
S3rstems, the mojrphologcal disposition of these liquid biophases is primaxily 
n^uenced by association with r^tively fixed structural biophases. In 
these heterogeneous liquid-solid systems, it is difficult to assess the relative 
influence on drug access of the discrete component phases which are 
functionally inseparable. In so fax as gross physical properties ie.g. 
viscosity) may be limiting factors in drug access, the conception of 
functional viscosity ” gives a measure of the average yield value of the 
biophases to drug diffusion pressure. 

The establisl^ent of fundamental relations between biological 
system, drug, and carrier has depended on the choice of suitable systems. 
This sdection was made after prdhninary examination of other related 
and apparently unrelated systems. The effects of “ induced drug pene¬ 
tration ” and selective drug access are showni by a wide range of insects. 
With aquatic Chironorms larvae, penetration of ethyl alcohol is induced 
so rapidly by a carrier such as kerosene, that the insect swells and bursts 
within a few seconds after immersion in the drug mixture. 

During the hardening of insect cuticle, there is a decrease in absolute 
and selective permeability: the relative degree of drug penetration 
induced by fat solvents is less than in insects with soft cuticles. This 

Cook, /. Physiol., 1926-7, 63, 160. 
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may be correlated with the "tanning" of the chitin-proteiu complex 
by phenolic and quinonoid substances which link or bond specific acceptor 
groups,®*. and which results in the formation of a relatively rigid 

cheimcally-linked three-dimensional cuticle lattice framework. 

As the range of biological systems is extended, it is seen that the 
permeability of the insect cuticle has many features characteristic of exo- 
skeletal structures in Arthropods in general. Drug access through the 
cuticle of microscopic organisms such as mite.s is increased by non-polar 
solvents such an kerosene. Jt is interesting to notice that, even with these 
minute organisms, carrier toxicity of paraffins .such as dodecanc is 
relatively small. Those test systems are particularly suitable for the 
investigation of drug reactivity, since the relatively " untanned " integu¬ 
ment interacts reaffily with drags such as aminos or phenols, thereby 
providing a sensitive indication of the contributory influence on gross 
biological activity of polar interaction. Owing to the small size of these 
organisms, the effects of drug depletion in the external drug phase arc 
relatively negligible. By way of contrast, the somewhat specific features 
of selective directional permeability which have been described by Yonge^* 
for the internal integument which lines the foregut of the lobster Homarus 
are, in fact, characteristic of Arthropod external integument. In this 
connection, there is a marked physiological analogy between the lipo^hil 
" cuticle ’’ which lines the internal integument and the outer epicuticle 
of insects. Both these bounding membranes appear to be morphologically 
adapted to serve as regulatory selective diffusion systems. 

Similar properties are shown by the integument in other groups of 
Invertebrates. For example, the integument of the nematode worm 
Ascaris, which lives as a parasite in the aqueous lumen of the alimentary 
canal of Vertebrates such as the pig, is fundamentally of the same morpho¬ 
logical and ph3rsiological pattern as insect cuticle. The thin outer layer 
of Ascaris cuticle, which may be detached mechanically from the under¬ 
lying layers, is analogous to insect cuticle. Penetration of drugs such as 
alcohols may be induced by carriers such as kerosene or hexane. The 
. worms swell and burst when placed in a mixture of hexane and methyl 
alcohol. As the alcohol series is ascended, there is a sharp “ cut-off ” 
in selective drug access. The worms shrink owing to dehydration when 
immersed in mixtures of ethyl alcohol and kerosene or hexane, and a 
similar effect is shown with drug mixtures containing higher homologues. 
Shrinkage also occurs in pure ethyl alcohol. A comparison of the carrier 
activities of aqueous and fat solvent media reveals some striking results, 
which are not obvious with the more highly *' tanned " insect cuticle. 
In the presence of water, the rate of dehydration of the worm decreases 
with increase of the proportion of water in the external ethyl alcohol- 
water mixture. In the presence of kerosene, the rate of "exosmosis" 
increases with increase in the proportion of oil in the external medium. 
These results can clearly not be correlated with simple distribution between 
the internal body fluids and the external drug phase, for in the ternary 
homogeneous mixture ethyl alcohol-kerosene-water, the solubility of water 
decreases with increase in the relative proportion of the oil component. 
An explanation is provided by analogy with the action of oils on the 
pnermeability of the insect cuticle to water. In these systems the parti¬ 
cipation of oils such as kerosene in the lipoids of the cuticle induces a 
decrease in functional viscosity of this phase which results in an increase 
in the mobility of water molecules in the outer bulk framework of the 
epicuticle. Molecular interaction of the kerosene carrier with the lipoid 
centres in the Ascaris integument results in a similar " opening-up " of 
membrane lattice structure. The tate and extent of exosmosis depends 
on the water storage capacity of the external drug phase. 


“ Rryor, Proo. Roy. Sew., J 5 , 
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The sensitivity of the Ascans cuticle to changes in the external drug 
phase is an excellent guide to the interpretation of drug phase distribution 
relationships in insects. The hydrophilic protein components in Ascans 
cuticle comprise a greater proportion of the bulk framework than in 
insect cuticle, and in the homologous series of alcohols, drug mobility at 
the functional lipoid/protein interfaces becomes a limiting i^tor in drug 
access as the alcohol series is ascended from Cj to Cj. This cut-off ” 
may be demonstrated in other syrsten^. The cuticle of the blowfly larva 
CaUiphora represents a transitional stage between the relatively " un¬ 
tanned ” Ascaris cuticle and the " hard " cuticle typical of adult Cole- 
optera. In the soft insect cuticle {e.g. Calliphora), the “ cut-off ” in the 
relative degree of drug access which is induced by fat solvents occurs as 
the alcohol series is ascended from C# to C4. The hardening of insect 
cuticle is associated with a decrease in hygroscopicity of the protein phase, 
involving a reduction in functional free volume of this phase. Structur¬ 
ally, the hard cuticle consists of a relatively rigid open chemically-linked 
lattice framework which encloses the labile “ bonding ’’ phase, of which 
the hydrophobic lipoid components play a predominant role in cuticle 
permeability. As the cuticle hardens after a moult, the position of the 
“ cut-off in the relative degree of induced drug penetration proceeds 
doitm the homologous series of alcohols until it readlies the range Ci to C^. 
This indicates that with decrease in the van der Waals' forces of adhesion 
of the drug molecules to the lipoid centres in the cuticle drug mobility 
at the Gibbs' layer is a limiting factor in drug access which overshadows 
drug solubility in the bulk lipoid phase. The rapid access of the corre¬ 
sponding fatty acid homologue, formic acid has been discussed previously ; 
here drug access is facilitated further by selective polar interaction with 
the protein phase. 

Wien other drug systems are compared, the distinction between 
the soft Ascans cuticle, and the hard insect cuticle, becomes more ap¬ 
parent. Ascans cuticle is readily permeable to water—a necessary 
biological adaptation to the aqueous environment in which the parasite 
lives. The protein components interact strongly with amines and phenols, 
the activity of these drugs being much eii^nced by the presence of 
kerosene, suggesting a lipo-protein mosaic structure in rfie cuticle. "When 
the isolated cuticle is ” tanned ” by prolonged immersion in formalin or 
tannic acid solution, this selective permeability diminishes. This offers 
a marked analogy to the changes which take place in living insects during 
the hardening of the cuticle afW a moult. 

Similar factors influence drug access through pulmonary and muscle 
cpithelia, nerve tissue linings, and similar structures in Vertebrates such 
as the pig or sheep. The membranes may be examined earperimentally 
when attached to tubes to form simple osmometers. 

The red cell or erythrocyte has been extensively used as an experimental 
system in quantitative pharmacological studies.®* While the precise 
molecular ultrastructure of the red cell is still not clearly defined, there 
is evidence that the lipoid may be bound to the protein so that there is 
an orientation of lipoid at particular loci arotmd the protein molecxiles 
rather than a formation of a continuous homogeneous surface layer. 
This suggests that the red cell envelope consists of a lipo-protein mosaic. 
The primary association of fat solvents with these lipo-protein centres 
produces reversible changes in molecular orientation of the cell surface 
envelope. This is shown by the reversible nature of the disc-sphere 
transformations which may be produced by the primary interaction of 

** Ponder, TJie Mammaliim Red Cell and the Properties of Hamolyiic Systems, 
Berlin, 1934. 

“ fa) Parpart and Dziexnian, Cold Spr. Harb. Symp., Long Island Biol. Ass,, 
1940, 8, 17. (&) Ballantine and Parpart, J. Cell. Co^. Physiol., 1940, 16, 49. 

(fi) Ponder, f. Exp. Biol,, 194a. 18, *57 >* {») ihid., 1942, 19, 215, 220. 
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fat solvents with the red cell. Prolong^ interaction of fat solvents 
disrupts or disperses the lipo-protein associations, and results in eventual 
haemolysis. 

Further extension of the range of biological systems shows that the 
analogy between insect cuticle and other lipo-protein associations bridges 
the gap between the animal and plant systems. This parallelism is 
revealed from a comparison of the outer “ cutinised " layer of plant epi¬ 
dermal tissues and the external epicuticle of insects. For example, the 
penetration of ethyl alcohol through the outer skin of the grape or tomato 
may be induced by fat solvents such as kerosene.*® Prolonged association 
with fat solvents produces a dispersant action which is similar to that 
which takes place in insect cuticle and in other animal membranes. 

The range of drugs which show the effects of induced penetration in 
the presence of fat solvents of high carrier activity include feebly dis¬ 
sociating capillary active alcohols, ketones, amines, and phenols. The 
drugs penetrate as unionised molecules. This is in agreement with their 
greater activity in solvents of low dielectric constant, and is also consistent 
with maximum adsorption at the Gibbs’ layer. 

Drug access is most facilitated by non-polar fat solvents such as ali¬ 
phatic straight chain paraf&ns, cyclic hydrocarbons such as cyclohexane, 
methylcyclohexane and dimethylcyclohexane, and relatively simple 
solvents such as carbon disulphide. These eflects of carrier activity 
are quite distinct from carrier toxicity, which may, however, contribute 
to gross toxicity. Induced drug penetration is shown to a lesser degree 
by aromatic compounds such as benzene, toluene, xylene, pseudocumene, 
and mesitylene. The relative degree of induced drug penetration is still 
less pronounced with unsaturated aromatic carrier media such as indene 
or coumarone. These effects may be attributed to the fact that the 
aromatic solvent molecules are more polarisable than those of the aliphatic 
hydrocarbons, and this tendency towards capillary activity is still further 
accentuated with increase in the degree of unsatnration of the solvent 
molecules. In some systems, capillary active solvents such as oleic acid 
or sesame oil may reduce the carrier activity of a kerosene medium for 
highly reactive drugs such as pyxethrins owing to selective adsorption 
and blocking of the Gibbs’ layer. But where an “ overlap ” beiween 
primary responses, such as paralysis, and secondary irreversible symptoms 
of joint toxic action occur, capillary active solvents may be more efficient 
" activators ” for pyxethins than non-polar solvents, which mainly in¬ 
fluence functional cuticle permeability. Measurement of " activator 
activity” depends on a precise definition of the stage at which gro.Srt 
biological responses are measured. 

Tffis discussion of the fundamental analogies between different phar¬ 
macological systems has shown that correlation of biological activity with 
simple drug distribution between heterogeneous phases may be greatly 
extended if more specific factors which ixifluence molecular interaction 
in monolay^ are taken into consideration. In this way the more general 
concepts of Overton-Meyer and Traube are no longer conflicting, but may 
rather be regarded as expressions of molecular interaction with the 
biological system which become mutually related when the precise nature 
of the drag-biological system phase distribution relationships axe defined 
experimentally in an appropriate range of pharmacological systems. 

In conclusion, it may be pointed out that the principles which have 
bera elaborated in the present work apply not only to drug systems applied 
as liquids, but also to drugs applied in the vapour phase as fumigants. 
It is intOTesting to record that the main lines of enquiry along which the 
present investigation has proce®ied were initiated by -^e discovery that 
the non-toxic non-polar components in various samples of h^vy naphtlia, 
which is a complex mixture of coal-tar derivatives, did not ” obey the 

** Hurst, Nature, 1941, 147, 388. 
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rules " by acting as diluents for the more toxic capillary active com¬ 
ponents present, such as indene, coumarone, and cresylic acids, but 
actually enhanced the biological activity of these components.* This 
may be attributed to the condensation and functional participation of 
the drugs in the cuticle framework. A transitional system between 
liquid and gaseous drug systems may be illustrated by the “ sensitization ” 
of insects to fumigants which takes place when the insects are subjected 
to a prelimina^ treatment of liquid non-polar solvent such as kerosene. 
Owing to an increase in the functional permeability of the cuticle, the 
treats insects respond to a lower threshold concentration of fumigant 
than the untreated insects. 

During the course of this work, many analogies between drug access 
in the living insect and drug access -tiirough artihcial membranes such as 
rubber, collodion, or gelatine have been found.®* But these analogies are 
only valid for a restricted range of drugs and biological systems, and 
become of significance when correlated with a range of pharmacological 
systems in which physico-chemical factors which influence drug phase 
distribution relationships are considered in relation to the specific 
physiological factors which primarily govern the nature of the biological 
responses produced. 

Depavtmeni of Colloid Science, 

The University, Cambridge, 


Imperial College of Science and Technology, 
London, 


GUmRAL DISCUSSION 

Prof. Rldeal (Cambridge) asked whether the morphological arrange¬ 
ment of the lipo-protein mosaic in insect cuticle could favour lateral drug 
transmission through the cutiole framework. 

Dr. H. Hurst {^Cambridge), in reply, said : It is likely that the mosaic 
structure of the cuticle provides a network of two-dimensioned pathways 
which facilitate drug transmission both across and along the membrane. 
This may be demonstrated experimentally with pyrethrins, which are 
specific insecticidal nerve poisons. When p3rrethrins are applied internally 
by injection, the drug is rapidly transport^ to the nerve tissues by the 
circulatory action of the haemolymph, and complete paralysis follows almost 
immediately. This is manifested by a simultaneous loss in muscular co¬ 
ordination of the limbs of the insect. External local application of the 
drug results in the initiation of a well-defined chain of responses : (i) local 
paralysis at site of application ; (ii) progressive extension of zone of 
paralysis; (iii) compile paralysis, mmilar to the condition induced by 
internal drug administration. 

The cuticle framework is associated with a peripheral nerve network, 
which communicates internally with the central nervous system. The 
appearance of local symptoms of paralysis following local external drug 
application, followed by the progressive extension of the zone of paral3rsis 
suggests that primary drug fixation involves the association of the drug 
with the peripheral nerve network followed by the ultimate transmission 
of the drug along the nerve connwtives to the central nervous tissue. 
The rapid paralysis which follows internal drug administration can be 
attributed to the carrier activity of the haemolymph, in which convection 
ensures uniform drug distribution to the nervous tissues. Since the bulk 
cuticle framework is essentially a convection-proof barrier, the relatively 
rapid extension of the zone of paralysis following local external drug 
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application cannot be ascribed solely to local drug penetration through 
the cuticle into the haemolymph followed by convection transport in thds 
substrate, a process which would favour rapid simultaneous paral3rsis 
after the initial penetration of the drug through the cuticle had taken place. 
Neither can the progressive nature of the biological responses produced 
be explained by laterad drug diffusion through a cuticle framework in 
which discrete lipoid channels run transversely across the cuticle, since 
the two-dimensional lipo-protein discontinuities in this direction would 
involve a relatively slow three-dimensional diffusion across intermediary 
lipoid or protein phases. 

This evidence indicates a continuity of lipo-protein interfaces along tire 
membrane framework. The relatively abrupt morphological transition 
hom a lipoid-rich epicuticle outer layer to the underlying hydrophilic 
chitin-protein layer would also favour selective adsorption and two- 
dimensional drug diffusion along the outer layer of the cuticle framework. 

It is interesting to note the analogy between the insect cuticle and the 
bounding membranes of nerve fibres, where the presence of bounding layers 
of radially orientated lipoid molecules provides a pattern of interfaces 
which would favour rapid drug transmission along the outer nerve sheath.®* 
In addition, the effects of induced drug access which may be obtained 
with isolated nerve sheath preparations suggest that narcotic action may 
well be associated with the reversible frmctional changes in free volume of 
the lipoid centres ; in this way corr^ponding changes in the capacity for 
ionic transmission of the nerve sheath, or in more spe^c molecular orienta¬ 
tion of active patches would influence normal irritability. This simple 
conception conforms well with a large body of experimental data which 
shows that similar narcotic action may be produced by fat solvents of 
diverse chemical composition. 

*» Schmitt and Bear, Biol. Rev., 1939, 14, 27. Schmitt and Palmer, Colef 
Spr. Harb. Symp., Lang Island Biol. Ass., 1940, 8, 94. 


SOME PHYSICAL CHEMICAL PROPERTIES OF 
BIOLOGICALLY ACTIVE MOLECULES. 

By J. H. Schulman. 

Received 315^ August, 1943. 

(a) The physical chemical properties that will be chiefly dealt with in 
this pa^r are those governed by short range forces, such as polar associa¬ 
tion or induced polar association as designated by Van der Waals forces. 

These are the forces that become primarily involved when one molecule 
approaches another situated in a structure as in a membrane or site of 
action as in a nerve sheath, or by direct association in a plasma, or further¬ 
more are directly responsible for the structure and viscosities of the 
membranes or plasma themselves. These forces are governed very simply 
by Coulombs' law and for the non-polar or induced polar forces by London's 
theories. Overton and Meyer on oil solubility and Traube on surfe.ee 
activity of molecules in relation to their biological activity are specialised 
aspects of this theory. 

{b) Biological activity as described here is related to the concentration 
in which a certain chemical produces a standard biological response, there 
is thus a time factor which ^o has to be standardised. Enhancement of 
the activity hy means of mixtures or adjuvants will not be discussed here. 
The chemicals which will be chiefly discussed are those that are lipoidal 
(hydrocarbon) in nature or possess a large hydrocarbon group, or proteins 
or mixtures of both, i.e. lipo-proteins. Although the physical 
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properties whicli will be discussed in detail refer equally well to a lipoidal 
as to a protein molecule, the chemicals discussed wiU he divided into the 
above categories. 

There are a number of complicating factors in assessing biological 
activity of a molecule which must be carefully sorted out before applying 
any rules to any specific system. For example, a molecule may have to 
penetrate a membrane, or associate with another molecule (carrier mole¬ 
cule) before reaching the site of action, or the molecule having become 
dispersed in the reacting system by the above means then has to be re¬ 
acted upon by ferments, and it is tie break-down products which produce 
the reaction. So a molecule may have to contend with membrane perme¬ 
ability, dispersion in the system by complex formation with a carrier 
molecule, or adsorption on to a colloid carrier {i.e. emulsion interface) and 
then attack by a ferment to form the actual reacting chemical in situ 
where it is required. A great number of molecules the diemistry of which 
will be discussed, answer in one way or another to the above criteria. 

Dr. Hurst gives a good example of the effect of penetration of a mem¬ 
brane using certain insects as a test mechanism. The insect may either 
be immersed in the chemical or the chemical be injected into the insect, 
thus eliminating the effect of the membrane, or it is possible to treat 
certain chemicals like the cancer-giving hydrocarbons which would appear 
from the physical chemical behaviour to be inert biologically, writh ferments 
or U.V. radiations in vitro and obtain the biological action from the break¬ 
down products. Thus it is possible to separate to a certain extent the 
various factors other than dispersion or carrier, which go to make up the 
standard biological response. 

Physical Chemical Characteristics. 

The chemical groups involved in association between molecules are the 
hydrocarbon groups, polar groups and the ionic groups. Automatically 
the spacing and stereochemical interrelations between these groups must 
and can be shown to play a very important part in the resultant force of 
association between the molecules. The associating forces are directly 
proportional to i/r’, i/r* and i/r* (r = distance between groups) respec¬ 
tively (and i/r* for an ion dipole association). This shows how sensitive 
the association forces are to mutual orientation and adlineation between 
the molecules, thus any slight change in ionisation, dipole charge, number 
of carbon atoms, distance and spaing between the associating groups can 
make or break a complex, thus giving them their high degree of specificity. 
The monolayer technique (surface potentials and surface pressures) is a 
very convenient tool to measure the associating forces between all these 
groups in great detail, and it can be quickly shown that the interactions 
measured at the interface also take place in three dimensions. An in¬ 
terface is convenient for measuring these forces owing to the strong 
asymmetrical field which separates the polar from the non-polar groups, 
thus allowing them to interassociate, either inter- or intra-molecularly. 

It can be shown that an alipathic hydrocarbon chain of i8(CHj) is 
approximately equivalent in force of association with another hydrocarbon 
chain, both in the trans configuration, as an ion dipole association, both 
being of the order of 15,000 cal. The hydroesaxbon association is markedly 
weakened when CH* groups are arranged in the cis form, thus preventing 
adlineation between •^e hydrocarbon chains. likewise the polar associa¬ 
tion is broken down when polar groups are changed, for example from a 
SO 4"- ion with an —OH dipole to an —OOCH* polar group, or NH*+ with 
an OH polar group to an N(CH,)3+ with an OH polar group. The methyl 
groups m the latter case keeping the +ion from approaching the OH polar 
group as close as in the unsubstituted case. On the oSbier hand, the 
methylation will increase the ionisation of the amine polar groups in 
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alkaline solutions, thus in certain circumstances greatly increasing the 
interaction of the amine polar group in spite of steric hindrance. Methyla- 
tion is known to have marked effects on biological activity of certain 
molecules. This can be due to an easier break-down of the molecule by 
ferments in its methylated form. 

Examples of complex formation betweexi large molecules as measured 
by the film technique and how they have direct bearing on associations 
between the molecules in solution give useful analogies as to a possible 
biological function of the interacting molecules. They give also a good 
indication of the meaning of the discrepancies found with Overton and Meyer 
and Traube theories for a series of homologous compounds. For example, at 
a restricted interface of a long chain alcohol or an alcohol such as cholesterol 
where the sodium salt of a long chain sulphate is injected into the under¬ 
lying aqueous phase, an interfacial tension of some 5 dynes/cm. can fall 
50 dynes in a minute, although the soap by itself at tliis concentration 
(i mg./25o cc.) will only change the interfacial tension some 10 dynes/cm. 
over a period of 30 minutes. This change in interfacial tension is also 
accompanied by great changes in interfacial viscosity. This phenomenon 
can be shown to be due to the water soluble long chain paraffin ion pene¬ 
trating into the alcohol monolayer and forming an equimolecular mixed 
fiJm. This interfacial film on compression collapses as a unit without 
ejection of either component from the interface. Should the association 
be broken down by a simple esterification of the alcohol polar group or a 
m-double bond being formed in the hydrocarbon chain only very weak 
penetration of the monolayer takes place. The penetrating molecule in this 
case being easily ejected on compression of the interface back into the 
aqueous solution or surface lens or crystal. There is in this case only 
negligible alteration of the interfacial tension. Should, furthermore, the 
prospective penetrant have two polar groups which axe spaced by the 
hydrocarbon portion of the molecule and are reactive with the interfacial 
fo rming polar groups, then no penetration of the interface takes place, 
but the aqueous soluble molecules adsorb onto the film forming molecules 
by means of the polar as^ciation, and thus form a duplex or double layer. 
This form of association does not change the interfacial tension, but 
radically alters interfacial rigidity or elasticity. With large complex 
molecules both these phenomena occur and examples will be given where 
slight changes in the chemistry of the compound, an adsorbing molecule 
can be changed into a penetrating one, with subsequent radical change in 
biological activity. 


Complexes in Bulk Solution. 

For the above-mentioned examples similar radical cliangcs can bo 
shown to exist for the behaviour of the associating compounds composed 
of hydrocarbon and polar groups both in the aqueous and oil phases. 

For example, a long ch^ hydrocarbon alcohol is insoluble and inactive 
in water bnt is readily dispersed into water when mixed equimoleculaily 
with a long chain paraffin ion. This can be shown chemically by inhibition 
of the precipitation compounds of the soap and biologically by a 100 % 
increase in the lytic activity of a soap solution by the presence of the long 
chain alcohol. The reverse of this phenomenon can toke place if choles¬ 
terol be now substituted for the alcohol; the lytic activity of the solution 
brang completely iruhibited. As can be expected no effects are noticed 
when the OH wlar group is esterified. A further biological analogy is 
worth noticing here, if bacteria which are unaffected by saponin 1^ in¬ 
cubated with cholesterol lysis of the bacteria tak^ place. A similar 
phenomenon takes place if oil is the continuous phase, an oil insoluble 
long chain paraj^ ionic salt is readily brought into dispersiOE or solution 
in the oil phase in the presence of an equimolecular concentration of a long 
chain alcohol or other associating molecule. This solution of a soap or 
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other poorly soluble oil compound into an oil phase can bring about great 
changes in three dimensional viscosity. 

Tiiis system can work even if the associating molecules are the 
ionised and unionised form of the molecule, for example in half dissociation. 
Thus oleic acid will readily disperse sodium or calcium oleate into oil. 

One may now see how the partition coefficient of a molecule soluble in 
both phases may be radically altered by the presence of an oil or water 
soluble interacting or complex forming molecule present at least in equi- 
molecular concentrations. Or even bring into either oil or water solution 
and thus into biological activity an insoluble molecule by means of complex 
formation. These concepts must be taken into consideration, when 
theorising on the Overton-Meyer oil solubility rule for drugs, and possibly 
explains many puzzling discrepancies found hitherto. 

In an even more stnking manner can the discrepancies with the Traube 
theory be clarified. Thus in the previously given example of how the great 
change in surface tension of an aqueous solution of a long chain paraffin 
ionic salt can be brought about by the presence of a monolayer of an 
aliphatic alcohol or cholesterol, which furthermore can be eliminated by 
small changes in the chemistry or stereochemistry of the alcohols ; then 
the surface activity of a compound must be made analogous to its drug 
action or biological action only at the interacting interface. As shown 
above the interfacial tension can change some 50-60 dynes/cm. for the 
same compound at interfaces composed of molecules var3nng only slightly 
in their chemistry. 

It has been shown by Schulman and Rideal that the lytic activity of a 
series of surface active long chain paraffin ionic salts bear relation only to 
their surface activity at a cholesterol or protein interface and in no way to 
their surface tension lowering of an aqueous solution. 

Optimum Activity of a Homologous Series. 

It is a general characteristic of a whole range of biologically active 
compounds that in their homologous s^es a marked optimum of biological 
activity is noticed. A aeries may vary only in the changing number of 
(CHa) groups or polar groups, and their mutual spacing or position of a 
substituting methyl group. 

It has been remarked here that the interfadal activity or associating 
force of a molecule acts on its reactive site in two pronouncedly different 
ways. The molecules may firstly penetrate an int^ace forming a mixed 
interfacial layer or disperse l^e molecules into their otherwise antagonistic 
phases, thus causing lysis or enhanced or inhibited activity of the molecule 
by association, or secondly adsorb on to the interfacial layer, thus tanning 
the intarfacial molecules or causing agglutination of the colloids or cells 
whose interface has thus become acted upon. 

It has been shown by Schulman and Rideal that the optimum of activity 
of a homologous series can take place at the change over of a molecule from 
its adsorbing properties on a specific system to its dispersant properties. 
Thus with -ffie synthetic oestrogenetic compounds pp* mffiydroxy stilbenes 
varying only by a (CH,) the optimum biological activity takes place at 
the comj^und's most active adsorbing form on a protein interface, the 
activity immediately declining again on the molecule showing dispersant 
actiqpi on the interfacial protein molecules. The optimum lytic and 
haemol3rtic activi-ty of a series of surface active compounds varying in 
number and position of (QHa) groups and nature and number and mutual 
spacing of polar groups is at the optimum dispersant action of the molecules 
on a cholesterol or protein interface. Dr. Hurst will be describing similar 
optima based on these two conceptions for a homologous series of simple 
alcohols and acids in their drug action on insects. 

Similar analogous optima have been described by Schulman and 
X8 
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Rideal lor the cancer-giving hydrocarbons, but in this case it is related to 
the labile break-down products of the molecules caused by U.V. irradiation 
in certain organic solutions, and their consequent adsorbtion on to protein 

Thus the Traubo conception of surface activity and the Overton-Meyer 
conception of oil solubility must be related to the active compounds 
associating with the specific interacting interface and not generalised for 
surface activity at an air water interlace or oil not in the presence of other 
oil soluble compounds. 

Molecular Orientation and Biological Activity. 

Lipo-protein Associations. —^It is known that most proteins will 
spread at air water or oil water interface, or can be made to spread at any 
aqueous oil interface by suitable dispersion in solvents (alcohols and salts) 
and suitable charging of the oil interface. It is evident that the protein 
molecule has undergone some radical change in the process of spreading 
at the oil water interface, since it is now in an insoluble form. It is pre¬ 
sumed that the protein molecule in aqueous solution is a colloid nearly 
globular in shape, kept in solution or dispersion by means of the ionic and 
polar groups being orientated into the water phase and the non-polar 
portions being associated and orientated towards the centre of the colloid. 
Upon arrival of this molecule at the oil water interface, these various 
groups in the molecule are separated and reorientated owing to the 
asymmetric field at the interface. 

Thus a protein molecule spread at an interface has its various groups 
orientated in a triplex layer. The non-polar side chains being pulled into 
the oil phase and the ionic polar groups pulled into the aqueous phase with 
the polar keto-imido group in the pol;^eptide backbone separating the 
ionic from the non-polar groups. This adlineation of the various groups 
in the molecule permits them to associate by the short range forces already 
described either inter- or intra-molecularly. 

If these inter-associating groups are small in number per molecule or 
the molecular weight is relatively small, the protein molecule can be 
squeezed back into the aqueous solution by means of two-dimensional 
compression of the interfacial film. With molecules of large molecular 
weight collapse and fibre formation occur before the molecules can be re- 
dispersed. Quite a different picture presents itself if the protein is mixed 
wi^ lipoids or adsorption of the protein molecule takes place at a lipoid 
or dbarged oil water interface, the process now being revor.sible. The 
charge being made possible by spreading hydrocarbon ionic compounds, 
such long cmn amines, carboxyls, sulphates, lecithin, kephalin (psychosin, 
sphingo-myclm) and allied compounds at the oil water interface. I^e- 
cisdy analogous phenomena now occur as described with the salts of 
hydrocarbon ionic compounds, the protein may adsorb as a double layer 
on to the lipoid interface or penetrate the interface to form a mixed lipo¬ 
protein monolayer, thus greatly changing the interfacial viscosity and 
rigidity and surmce pressure, or the protein molecule may be repelled from 
the interface by like electrical charge. The great difference between 
protein and lipo-protein films is that on compression of the mixed film, 
the protein molecule is ejected from the mono-layer back into the aqueous 
solution in the form of double layer again, this process being revemible. 
If now to a lipin-protein mixed film excess lipin be added to the aqueous 
solution, the protein is completely displaced from the interface and re¬ 
dispersed into idle aqueous phase. What form this redispersed protein 
has taken is of great interest and attempts axe being made by use of bio¬ 
logically active molecules to investigate this p<fint. 

Btazer, Stewart, Elkes and Schuhnaa have recently shown that most of 
the phenomena occurring at the oil water interface as described above can 



J. H. SCHULMAN 


417 


be strikingly demonstrated by means of oil in water emulsions. The oil 
water interface can be readily charged either negatively or positively by 
means of negative stabilising agents such as salts of long chain sulphate, 
carboxylates, and positively by salts of long chain amines and substituted 
amines. The adsorption of the protein will take place according to the 
pH of the aqueous solution in relation to its isoelectric point, and the sign 
of the charge on the stabilised oil droplet, together with its zeta potential 
as controlled by the salt concentration of the aqueous phase. When 
adsorption takes place the oil droplet is electrically discharged and is 
surrounded by a rigid or elastic protein monolayer, these neutral droplets 
can thus agglomerate or agglutinate into bunches and, owing to their density 
sediment to the top of -the aqueous solution. Thus, if protein be added 
to a stabilised emulsion and the conditions are correct for adsorption, 
agglutination of the oil droplets takes place with subsequent clarification 
of the aqueous solution at a protdn concentration which is sufficient to 
cover the surface of the oil droplets with a monolayer. If polyvalent 
cations or anions be added to the agglutinated emulsion, the agglutination 
is broken down owing to the removal of the stabilising agent and an oil 
layer separates out on top of the aqueous solution and the protein is re¬ 
dispersed into the aqueous solution. A similar effect can be achdeved by 
adding excess stabilising agent to the system, the protein coating around 
the oil droplets being thus deterged away from the interface and protein 
molecules are redispersed. 

The conditions for adsoi^tion of the serum proteins have been demon¬ 
strated ; thus serum albumin will adsorb on to positive oil water interfaces 
above its isoelectric point of pn 4*6 and not below this />h, and on to 
negatively charged oil water interfaces at ;^h's below its isoelectric point 
and not above. 

This switch-over from adsorption to no adsorption of the protein with 
pn of the aqueous phase is very sharp at low salt concentrations. Equally, 
serum globulin wiU adsorb on to positively charged oil water int^aces 
above its isoelectric point of p's. 6*8 and not below and on to negatively 
charged interfaces below pv. 6*8 and not above. The sharpness of the 
change over is less with increasing salt concentration and size or molecular 
weight of molecule. It is now interesting to note that between pn 4*6 and 
pn 6*8 the isoelectric points of the two proteins mentioned, serum albumin 
will adsorb on to a positive interface and serum globulin on to a negative 
interface. Thus the proteins can be preferentially adsorbed on to a 
charged interface from a mixed solution, salt concentration also playing 
a role in the adsorption. 

Firazer and Stewart have shown that when bacteria toxins, snake venom 
or hormones such as insulin are adsorbed on to emulsions they are not 
active when injected into animals, but that when the emulsion is broken 
either im vivo or vn vitro and the protein molecules are redispemed from the 
oil water interface into the aqueous solution full biological activity 
returns. This si^gests that the protein molecule orientated at the inter¬ 
face is in an inactive form, but can be redispersed into solution and bio¬ 
logical activity, when associated with lipoids or lipins. 

Likewise, it can be su^ested from the first section of this paper that 
the biological activity of the lipoids and li]pms is radically altered when in 
association with other lipoids, as wdl as with the proteins. 

It can be further suggested that the principles of the short range forces 
discussed in this paper on the association between lipo-proteins and the 
infiuence of oilier lipoids or chemicals or drugs on these associations will 
help to clarify some of the actions in vivo of drags. 

Colloid Science Department, 

University of Cambridge. 



A POSSIBLE MODE OF ACTION OF BENZPYRENE 
AS A TYPICAL CHEMICAL CARCINOGEN. 

By F. WKfGERT. 

Received 2:ird August, 1943. 

An outstanding feature of the chemical carcinogens is their long 
delayed action. When the skin of mice is painted with a ^eat excess of 
the ^ssolved carcinogen the first tumours do not appear until many weeks, 
and even months have elapsed. The latent period can be interpreted by 
biological conceptions, which include the various precancerous states of 
the tissue until a normal cell is transformed into a malignant cell. We 
are interested here in a ph3rsico-chemical study of the problem whether 
the carcinogenic drug or one of its metabolites can persist within a living 
animal over periods which are commensurable wth the latent period, and 
whether it is liable to a spontaneous transformation which may stimulate 
the change of the cell race. Experiments at the Mount Vernon Hospital 
have been in progress during the last four years.'^ Benzpyrene was chiefly 
studied, although it is not the most potent carcinogen, because it is dis¬ 
tinguished from other carcinogenic hydrocarbons by a number of different 
typical fluorescence and absorption spectra. 

From the e^eriments of Peacock, Chalmers and Berenblum and their 
collaborators • it follows that by far the greater part of the benzpyrene 
which has been introduced into a mouse or rat is changed to non-fluorescent 
derivatives which have not yet been accounted for. About 1 % is ex¬ 
creted unchanged and the rest appears as blue-fluorescent * BPX ’ in the 
bile and is excreted in the faeces as 5-8-benzpyrene-quinone and ais green- 
fluorescent ‘BPF' from which S-hydroxy-benzpyrene could be isolated. 

This metabolism has now been followed in greater detail by fluorescence- 
and absorption-spectrography and by fluorescence-chromatography which 
led to the following tentative scheme : 

(?) 

Benzpyrene-»■ ‘,BPX ’-' BPF ’- *■ 5-8-Benzpyrenc-quinone 

'I' 4’ 

[BPX]-- [BPF]- h S-Hydroxy-benzpyrene 

[BPX] and [BPF] arc prepared by fluorescence-chromatographic puri - 
fleatioa of extracts from ' BPX ’ and * BPF ’ respectively, from which they 
are distinguished by their fluorc.scence spectra. 

The blue-fluorescence spectrum of ‘ BPX' can be soon in the sldn, liver, 
lung and kidney-cortex after application of benzpyrene to a mouse or 
rabbit. Furthermore, it appears in the bile and sm^l intestine which arc 
the cMef route of excretion, and in the milk in the stomachs of suckling 
mice after intravenous injection of benzpyrene into the mother. Green- 
fluorescent ‘ BPF ’ appears in the alimentary canal be;;^nd the ileo-caecal 
valve, in the bladder-urine, and together with ‘ BPX' in discrete patches 
of the lung. 

^ Weigert, Traus. Fayaday Soc., 1940, 36, 1033; Nature, 194a, 150, 56; 
Weigert and Mottram, Nature, 1940, 145, 895; 194a, 150, 635; Chem. Ind., 
1941,60, 617 ; Biochem. J., I943. 37 » 497 ; Booiach, Mottxam, and WcHgert, 
Brit L Eiep. Path,, 1943, 34, t, 9. 

* Peacock, Brit J. Exp, Path., 1936, 17,164 ; Amer.J. Cancer, 1940,40, aji ; 
Chahneis, Biochem. J., 1938, 3a, ayi; Chalmers and Crowfoot, ibid., 1941, 35, 
1370 ; Berenblum, Crowfoot, Holiday and Schoental, Cancer Res., X943, 3, 145, 

151. 
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[BPX] and [BPF] are different with respect to their spectrographic 
and chromatographic behaviour; 

(1) The blue-fluorescence spectra of [BPX] show the same banded 
structure as adsorbate on alumina and as eluate in alcohol. The fluorescent 
zone remains fixed at the top of the column even after long development. 

(2) The green-fluorescence spectrum of the adsorbate of [BPF] on 
alumina shows no bands, but the blue-fluorescence spectrum of its eluate in 
alcohol has a banded structure. The fluorescent zone of [BPF] on alumina 
moves slowly down during development. 

(3) The absorption spectrum of [BPF] in alcohol is very similar to that 
of 8-hydroxy-benzpyrene, while that of [BPX] is unrelat^ to any known 
benzpyrene derivative. 

(4) Apart from these chief differ^ces, minor distinctions can be seen 
according to the origin of the preparations. For instance, the blue-fluor¬ 
escent zone of [BPX] at the top of the alumina column is narrow and sharp 
with extracts from bile and small int^tine, but extended and diffuse wild, 
extracts from liver, while those of kidney-cortex and lung are diffuse but 
less extended. The diffuse green-fluorescent zones of the adsorbates of 
[BPF] which move down on development are not so typical, but the 
fluorescence spectra of their eluates in alcohol show slight displacements 
of the bands according to the origin of the extracts. 

These results show that ‘ BPX * and [BPX], on the one hand, and 
' BPF ’ and [BPF] on the other hand, comprise two groups, the X- and 
F-groups respectively, the members of which contain two different benz¬ 
pyrene derivatives as prosthetic groups combined with various cell con¬ 
stituents. The fluorescence spectra of the adsorbates of the X-group give 
evidence that the carrier molecule is adsorbed by the alumina, and that 
the benzpyrene-group is not affected optically by the adsorption. In the 
F-group the disappearance of the fluorescence bands in the adsorbate 
in^cates that the adsorbed portion of the molecule is the benzpyrene group 
itself, which is probably identical with 8-hydroxy-benzpyrene. 

All members of the X-group are metastable and are readily trans¬ 
formed into members of the F-group. This happens in vivo when bile- 
* BPX' passes through the ileo-caecal valve into the caecum and when 
kidney-' BPX' enters into the urine. In the lung it occurs apparently in 
the ' BPX '-holding cells themselves. Post-mortem it can be seen with all 
‘ BPX '-containing tissues, if they are kept for some time at 37®, and even 
after three days in the ice-chest. Hus transformation is obviously due to 
autolysis and to a detachment of the carrier molecules. It can be com¬ 
pletely prevented by formalin and other preservatives. [BPX] which is 
adsorbed on alumina is transformed into [BPF] at elevated temperature 
in vacuo. 

There is no direct evidence whether the 5-8-benzpyrene-quinone is 
produced directly from * BPX' or via ‘ BPF 

* BPX' appears and is fixed just in those tissues, skin (where it persists 
in ihe Malpiglfian layer for over three wedcs), lung and liver, where tumours 
can be produced by benzpyrene. Hence it is likely that its metastability 
and its ^ntaneous transformation into ' BPF' according to the laws of 
probability may be the reason for the stimulation of the change of a 
normal into a malignant cell. 

The Physico-Chemicai Departmeni, 

The Mount Vernon Hospital^ 

Northwood, Middlesex. 



SOME MORPHOLOGICAL AND OTHER VARIA¬ 
TIONS IN A STRAIN OF BACT. LACTIS 
AEROGENES ACCOMPANYING ITS ADAPTA¬ 
TION TO CHANGE OF MEDIUM. 

By R. M. Lodge and C. N. Hinsiielwood. 

Received azyid July, 1943. 

Certain relevant conclusions from previous studies of the growth of 
Bact. lactis aerogenes will first be summarised. 

1. The maximum population, which a given medium will support 
depends partly upon the power of the cells to remove by oxidation in¬ 
hibitors formed during growth.* 

2. In an artificial medium consisting of ammonium sulphate, glucose, 
potassium dihydrogen phosphate and magnesium sulphate (t;. p. 432), 
young inocula show a lag phase, referred to as *' early lag,” during which 
a growth promoter is formed, diffuses into the medium and stimulates 
growth of all the cells. This substance is referred to as (L).® 

3. When Bact. lactis aerogenes which has been grown in bouillon is 
transferred to the above artificial medium, long snake-like cells, up to 
20 times the normal length, are formed if the glucose concentration lies 
between certain limits. The size distribution of the cells approximatdy 
follows the law », = where is the number of cells of length greater 
than I, n the total number andl the mean length. The interpretation 
given is that we are dealing with a condition where division is delayed : 
the probability of division is here the limiting factor, whereas normally 
the elongation of the cell is rate determining.* 

Z-* CO 

A size coefficient, a, is defined by the relation cr — 2! L vj where v, 

is the number of cells in unit range in the neighbourhood of I (measured in 
certain arbitrary units). <r gives a good representation of the abnormal or 
"snake-like" appearance of the culture. During the growth cycle it 
rises to a maximum and then falls, often to zero. 

The influence of various factors, including filtrates from older cultures, 
on a leads to the h3?pothesis that there are two independent factors referred 
to as (L) and (D) which control elongation and division of the cells respec¬ 
tively. « 

With successive subcultures of the organism a varies in such a way as 
to suggest that the enzyme systems responsible for the (L) and (D) factor.*? 
are eaSly thrown out of balance, and that by a slow process of adaptation 
they can be brought into balance again. A theory of this adaptation is 
given by Hinshelwood and Lodge in the paper rdEerred to. 

Bact. Lactis Aerogenes (Morris). 

This was a strain obtained from the National Collection of T3;pe Cultures 
(Number 5268) and difiexed from that used in all previous work in that it 
had, in the glucose-ammonium sulphate medium, a much slower growth 
rate (m.g,t. of about 120 minutes, compared with riie normal 32 minutes), 
and at first grew with a long to a small value of ne. 

On repeated subculture in amficial media, a^er transfer from bouillon 
(heart broth), it iffiowed remarkable phenomena of adaptation, ztg pro- 

* Lodge and Hinshdwood, 1943, * Ibid., 2x4, 

* Hinsh^wood and Lodge, 1943, JB, in the press. 
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gressively increased to many times its initial value and the (D) and (L) 
producing functions first of ^1 became increasingly unbalanced—as shown 
by the production of long snake-like cells—and later came into normal 
relation once more—as shown by the elimination of these snake-forms. 

We conclude from this that the three functions of the cell, (a) the 
oxidation of inhibitors {v. para, i, above), (6) the synthesis of tiie lag 
remover, (L) {v. para, 2, above) and (c) division, are all adapting themselves 
to the new medium at separate and independent rates. 

It follows that the three functions which are here revealed as inde¬ 
pendent should themselves be susceptible to separate control, e.g., by drug 
action. Several kinds of observation can be correlated from tms point of 
view. For example, {a) pa can affect without affecting m.g.t.* or lag,* 
(6) lag can be prolonged or reduced independently of m.g.t. or Wg,® (c) smke- 
like forms can be induced by chemical agencies «in such a way as to indicate 
that the division function is sj^ifically impaired. 

In what follows, the behaviour of the strain " Morris ” of Bact. lactis 
aerogenes leading to this conclusion is described. 

A. Serial Subcultures in Artificial Media. 

Bacteria were transferred from a stock bouillon culture to aerated 
artificial media, and subcultures, using 1*0 cc. inocula for 26-0 cc. of fresh 
artificial medium, were 
made every 48 hours. 

The media contained 
as nitrogen source am¬ 
monium sulphate, the 
equivalent amount of 
an amino acid (aspara¬ 
gine or alanine), or a 
mixture of ammonium 
sulphate and an amino 
acid. The mixture was 
originally used because 
growth in ammonium 
sulphate was difficult, 
and it was thought 
that the cells could be 
trained to use it by a 
gradual reduction to 
zero of the amount of 
amino acid in a mixture 
with ammonium sulphate. The courae of training, however, proved to be 
more complex than expected. 

Fig. I, for a typical series of subcultures in a medium containing a 
constant mixture of ammonium sulphate and asparagine as nitrogen somree, 
shows the course of the adaptation from bouillon to this medium. (Here, 

refers to haemocytometer counts of samples taken 48 hours after inocu¬ 
lation. The value of w*# does not differ significantly from that of % in 
the same culture. Valu^ of vgs greater than about 20 indicate that a 
culture has a definitely abnormal appearance— v, para. 3 above.) 

It should be noted thatthe logarithm of which is plotted in Fig. 1, 
starts at a small value and increases steadily to a limit as the serial sub¬ 
culture number is increased. Upon subculture for the fourth time, when 
the tTigyimni-n population has attained almost to the limit, o-gg rises sharply 

* Lodge aad Hinshelwood, 1939, 1683. 

* Unpubli^ed observation. 

» C/. lodge and Hinshelwood, J,C.S,, 1939, 1692. 

* Cf. p, 428, and also Hinshelwood and Lodge, ref. 3. 
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to the high value of 580 and the culture shows a remarkable appearance. 
It is clear that the division function has become quite out of balance with 
the elongation of the cells at this stage ; this is, according to our hypothesis, 
due to the development of a corresponding lack of balance between the 
(L) and (D) factors. The balance is nearly restored after the sixth sub¬ 
culture, though long cells occur sporadically during many subsequent ones. 

There has been a development of the power of the cells to multiply to 
a high : there has also been development of their capacity to elongate 
and to divide in the new media. All these processes seem to have evolved 
independently and at different rates. 

Qualitatively similar behaviour is shown by successive cultures of the 
organism in media containing as nitrogen source a mixture of ammonium 
sulphate and alanine, asparagine alone, or ammonium sulphate alone 
{Table I). At some stage in a seri^, after Wja Jias become more or less 

TABLE I. 


Serial Sabcollure 
Number. 

Ammonium 

Sulphate. 

Asparag^ 

M«g. 


Ammonium 
Sulphate 4 
Aspaiaj^. 

Ammonium 
Sulphate-f 
Alaniuo. 

»«. <f 4 »- 

1 

188 0 

36 

0 

33 

0 

108 

0 

2 

Tangle 

80* 

0 

4Q0* 

60 

18 

0 

3 

Tangle 

Tangle 


1900 

60 

256 

0 

4 

Tangle 

1300 580 

3000 

580 

700 

300 

5 

2760 870 

1500 

25 

4800* 

350 

480 

200 

6 

3500 50 

2600 

15 

3200 

0 

800 

0 

7 

4000 roo 

X400 

48 

3600 

0 

360 

TO 

8 

4300 30 

1000 

37 

4000 

0 

340 

2« 


* Transfer from these cultures into ammonium sulphate media gave tangles. 

stabilised, cultures begin to assume a thread-like appearance which, on 
further subculture, eventually disappears. 

Sometimes, at certain stages in a series, the cells dump together to 
such an extent that counting becomes impossible. This must depend 
upon another function which seems to develop independently, but, from 
its nature, it does not lend itself to quantitative measurement. 

If, in a given series of subcultures, the inoculum size is reduced to a 
tenth, at a stage when adaptation is just complete (as shown by stabilised 
bdiaviour in successive subcultures) a certain regression occurs and snake¬ 
like forms re-appear. Sudden reduction of the inoculum size can thxis 
cause an upset of the enzyme balance, which must depend upon indirect 
effects—changes in lag (v. para. 2, above), concentration of growth pro¬ 
moters in the medium, and so on. 

Transfer £rom Media with Amino Acid as Nitrogen 
Source to Media with Ammonium Sulphate. 

When Bact. lactis aerogenes (Morris) is transferred from bouillon to 
artificial media, there is a drop in n^a from 800 to about 100. On further 
subculture in the artificial medium, «« reaches several thousands. Th«re 
can, however, be a much more striking change whm the organisms are 
transferred from a medium containing an ammo acid nitrogen source to 
one containing ammonium sulphate. 

^ If a culture grown several tames in media containing amino acid mixed 
with ainmonium sulphate is transferred to one with ammonium sulphate 
alone, growth in the latter appears under the microscope as a tangled skein 
of tbr^uis of almost indefimte length. The culture is remarkable for 
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complete absence of cells of normal size; the division probability seems to 
be practically zero. A second subculture in ammonium sulphate may show 
this phenomenon even more markedly, but, on continued cultivation in 
ammonium sulphate, the cells tend to become normal once more, although 
some very long cells may still appear after eleven subcultures {v. C, below). 

It would seem that, in the media containing a mixture of asparagine or 
alanine with ammonium sulphate, the bacteria become adapted to use the 
an^o add rather than the ammonium sulphate. We already have 
evidence (Hinshelwood and Lodge) * that (D) is formed easily in amino 
add media ,* in such media there will be little development, therefore, of 
the mechanism by which (D) is produced in ammonium sulphate media. 
Accordingly, when the celE are deprived of amino add, the (D)-forming 
function may be very deficient, and adaptation to growth on ammonium 
sulphate must occur. The transient derangement of the enzyme balance 
is at first so great that it leads to the appearance of the tangled threads. 

The phenomenon is not easy to reproduce. It can occur as well with 
the third as with the fifteenth subculture in the mixture on transfer to 
ammonium sulphate, but it varies somewhat erratically with the age of the 
culture before transfer. 


C. Size Distribution of Cells. 

Reference was made in paragraph 3 to the logarithmic size distribution 
of the cells of the ordinary fast-growing strain of Bact. lactis aerogeues 
grown in the artificial medium at certain glucose concentrations. 


TABLE II.— ^Nitrogen Source of In- 
ocuLANT; Ammonium Sulphate -f 
Asparaginb. Inoculation into Am¬ 
monium Sulphate Medium. 


Ske 

Number of Celle 


Range. 

in the Range. 


4 

130 


X 

132 

Rapid decline, 

2 

3 

72 

26 

probably fol¬ 
lowing logar¬ 

4 

0 

ithmic law. 

5-10 

37 


10-15 

36 


15-20 

10 

Secondary dis¬ 

20-25 

16 

tribution with 

25-30 

3 

a different 

30-40 

3 

law. 


TABLE III.— ^Decline of the Snake- 
like Forms on Serial Subcul. 
TURE IN Ammonium Sulphate 
of the Culture analysed in 


Table 

11 . 



Social subculture number:— 

1 2 

3 

4 

Size Range. 

% Bacterial Substance in the 
Size Range. 

0-2 

i 8'2 — 

6 o -6 

70-5 

2-5 

10*0 — 

21*2 

17-4 

5-10 

X 3-5 - 

10-4 

9-6 

10-25 

48-4 - 

7-8 

2*5 

25-40 

9.9 - 

0 

0 


Generally similar distributions are shown by the “ Morris ” strain, 
except when the tangle of threads appears. The size distribution is then 
different. Over the range of smaller sizes (1 = 4 to 4) the logarithmic law 
is approximately followed. There is, however, in the larger size range 
(f = 5 to 40) a secondary distribution with a different law. 

Table II gives numbers showing this for a culture growing in ammonium 
sulphate and inoculated from an asparagine-ammonium sulphate mixture. 
When grown, the transferred culture contained many long cells, but was 
not a tangle of the most marked kind. On further subculture in am¬ 
monium sulphate, the frequency maximum receded to the smaller size 
ranges, as shown in Table III. 

It is not proposed to discuss the size distribution in detail. It will 
only be remarked that the distribution in the longest size ranges may be 
18 • 
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determined more by the mechanical snapping of threads which might have 
reached an indefinite length than by the division probability, which may 
well approach zero. 


Summary. 

When a certain (slow-growing) strain of Bact. lactis acrogcnes is trans¬ 
ferred from a given medium to one of a dilferont kind and i.s subcultured 
many times in the latter, the stationary populations attained and the 
morphological variations occurring in successive subcultures indicate that 
the individual cell functions responsible for (a) removal of growth inhibitors, 
(b) elongation and (c) division are all undergoing adaptation independently 
and at different rates. 

In certain circumstances (6) and (c) may become so unbalanced that 
thread-like cells of enormous length are formed. 

Physical Chemistry Laboratory, 

Oxford University. 


THE EFFECTS OF RESORCINOL AND OF m-CRE- 
SOL ON THE GROWTH OF BACT. LACTIS 
AEROGENES. 

By G. H. Spray and R. M. Lodge. 

Received i^nd Judy, 1943. 

A study of the influences of disinfectants on bacteria may be expected 
to shed light on the numerous chemical reactions involved in life processes. 

To this end, the effects of resorcinol and w-cresol, as part of a series of 
phenols, on the growth of Bact. lactis aerogenes in a liquid artificial medium 
have been investigated. It has been found that the duration of bacterial 
lag, the growth rate and the stationary population to which the culture 
attains are all influenced by the presence of disinfectant. The precise 
relationships between each of these quantities arc not, however, identical, 
indicating that these disinfectants act by retarding particular cell reactions 
rather than by exerting a general depressant effect on metabolism. 

Bacterial lag varies with the age of the parent cultxue. With the 
particular organism and medium used in this work it has been shown ^ 
that there is a considerable lag (known as " early lag ”) when the inoculant 
itself has just started to grow. As growth of the inoculant proceeds, the 
lag first falls to a minimum and then increases (“ late lag’*) on further 
ageiag of the inoculant. The variation of early, minimum and late lags 
with disinfectant concentration has been studied. 

The rate of bacterial growth is inversely proportional to the mean 
generation time (m.g.t.), which is the time taken for the population to 
double. Results are e:q>re3sed as the ratio of the value of the m.g.t. for 
a culture containing no disiniectant to that obtained in the presence of 
chsinfectant. Stationary population (tig) is defined as the count at the 
time when the growth rate falls to a low value and the culture enters the 
stationary phase. 

Exper iment al.—Tb.e medium consisted in an aqueous solution of 
glucose (35*7 g./l.), potassium dihydrogen phosphate buffer (3*21 g./l.) 
with enough sodium hydroxide to bnng the to 7*12, ammonium sulphate 
(0-89 g./l.), magnesium sulphate (3*57 x 10-* g.^.), together with the 

* Lodge and Hinshelwood, J.d.S., 1943, 213. 
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desired amount of disinfectant. The water used was distilled from the 
laboratory supply of distilled water through a silica condenser. Media, 
contained in sterile yyrex culture tubes suspended in a water thermostat at 
40*0°, were aerated with a slow stream of washed sterile air. They were 
inoculated, sampled and 
counted by methods de- 
scribed previously.* The 
bacteria were stored in 
a meat extract medium 
and all inocula for the ^000 ~ 

experiments to be de¬ 
scribed were derived 
from this after two 
passages through the 2006 - 

aerat^ medium with Li/ m 

no added disinfectant. xittuiij 

A. Resorcinol. ma,. 

Lag.—^Thc results 
are given in Fig. i. 

They show that (i) small , ^ 
concentrations of re- ^ a 

sorcinol reduce early 
and late lags slightly. 

(ii) at higher concentra¬ 
tions the lag increases rapidly, and (iii) the limiting resorcinol concentra¬ 
tion, above which lag becomes infinite, depends upon the age of the 
inoculant. 

Reduction of early and late lags implies that resorcinol either reacts 
with one of the constituents of the medium to give a substance capable of 
shortening the lag, or that it inhibits the action of some substance which 
lengthens lag and which is present as unavoidable impurity in the materials 

of which the medi- 

TABLE I.— ^The Effect of Resorcinol on Stationary is com]^sed. 
Population. The form^ hypo¬ 

thesis is supported 
by the ol^erva- 
tion that a yellow 
fluorescence de¬ 
velops when sterile 
media containing 
resorcinol are 
aerated at 40® for 
several days. The 
fluorescence de¬ 
pends for its for¬ 
mation on the 
presence of both 
glucose and phos¬ 
phate, sugg^ting 
that resorcinol 
forms a compound with glucose • in the presence of the buffer. 

Stationary Population.—The stationary population is independent 
of resorcinol concentration within the range which permits growth (Table I). 
This indicates that resorcinol is destroyed or titrated by the bacteria during 

* Dagley and Hiushelwood, J.C.S., 193^* i 93 o* , . „ 

♦ Cf. Snell and Snell, Colorimetric Methods of Analysis (Orgamc and Biological), 
I 937 » P- 470 * 


R<>soicmol 
Conen., %. 

Average Valae of St&tioiuay 
PopxOatioii. 

Number of 
Determiiuitions. 

O'OOO 

1972 

3 

0*020 

1514 

1 

0*039 

1176 

12 

0*058 

1202 

X 

0*078 

1193 

n 

0*097 

1479 

I 

0*116 

1039 

4 

0*155 

1093 

3 

0*195 

7S9 

3 

0*210 

750 

I 
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growth. By the time the stationary phase is reached, no resorcinol is left 
in the medium, and the final population is limited by other factors.® 

Growth Rate,—Fig. 2 shows the variation in growth rate with resor¬ 
cinol concentration for inocula of different ages. It will be seen that, 

when the inoculum is 
such that lag in the fresh 
medium is at a minimum, 
the growth rate is inde¬ 
pendent of resorcinol con¬ 
centration up to about 
o-o8 %. Above this, the 
growth rate falls linearly 
with increasing resorcinol 
concentration. This type 
of behaviour is not given 
by either older or younger 
inocula. In these cases, as 
the resorcinol concentration 
is increased, the growth 
rate falls at first, then rises 
to about its original value, 
finally falling linearly as 
before. 

The constancy of 
stationary population sug¬ 
gests destruction or in¬ 
activation of the resor¬ 
cinol. The way in which 
the growth rate varies with 
resorcmol concentration 
may be explained on the 
same basis. With both 
very young or very old inocula, the growth rate is less at 0*04 % re- 
sordnol th^ it is at o-o8 %. However, at the higher resorcinol concen¬ 
tration the lag is longer (Fig. i); ac¬ 
cordingly, at tile higher concentration, 
more time is available for the resorcinol 
to be destroyed by the bacteria, and, 
at the start of growth, the effective 
resorcinol concentration is greater in 
a medinm initially containing 0-04 % 
xesordnol than in one containing 
■o*o8 %. At concentrations greater 
than about o*o8 %, more resorcinol is 
present than the bacteria can neutralise 
during the lag phase, and the growth 
rate fells with increasing disinfectant 
•conc^satration in the usual way. 

Oorves obtained by plotting the 
logarithms of the total bacterial counts 
agmnst time axe normally straight 
lines, the population, w, increasi^ with 
time, i, approximatd.y according to the equation « = where 

is the initial number of bacteria, L the length of the lag phase, and h 
the growth rate constant (= logo 2/m.g.t.). Resorcinol culture.^ derived 
from inocula at the stage of minimum lag conform closely to this, but when 
youngCT or older inocim axe used, the initial stages of such gro-^h curves 

• JE.g. Graham-Smith, /. Byg.» 1920,19* 139; Lodge and Hinshelweod, 

1939,1683. 


TABLE II. —The Effect op the 
Age of an Inoculant free from 
Disinfectant on the Growth 
Rate in a Medium containing 
0-078 % Resorcinol. 


Ago of tbe Inocukiat, 
Minutrs. 

Gniwth 
k X TO*. 

253 

l -(>5 

372 

l-bO 

434 

2-00 

49 T 

1-89 

583 

2-14 

677 

1-89 

2204 

1-82 
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are usually concave to the long « axis. The value ot k increases as growth 
pro^eds, indicating that the effective resorcinol concentration Is falling 
tluring this time. Inocula taken from cultures at the minimum lag stage 
themselves appear to 
be able to destroy con¬ 
siderable amounts of 
resorcinol. Further¬ 
more, there is in these 
cases a definite initial 
tolerance to resorcinol 
with respect to both 
lag and growth rate,* 

It appears, therefore, 
that the bacteria syn¬ 
thesise some substance 
capable of neutralising 
the effects of resorcinol, 
and that this substance 
is present in greatest 
amount at the stage of 
minimum lag. 

To investigate this 
further, the variation in 
bacterial growth rate in the presence of 0*0775 % resorcinol with the age 
of a resorcinol-free Inoculant has been determined. The results, given in 
Table II, confirm that the concentration of the resorcinol inhibitor passes 

through a maximum at 
a time corresponding 
roughly to the stage of 

■mini-miiiYi lag. 

The inhibitor may be 
intracellular or it may be 
excreted by the bacteria 
into the medium. In the 
latter case, the addition of 
filtrate j&rom a culture in 
the stage of minimum lag 
to media inoculated from 
a sinoilar culture should 
increase the tolerance 
range of the bacteria to 
resorcinol. No such effect 
could be observed, and it 
may be conclude that 
the substance remains in 
the cdls. 

B. m-Gresol. 

Lag.—^The effects of 
w-cresol on the lag of 
Bact. lactis aerogenes in 
the artificial medium axe 
generally similar to thc^ 
produced by resordnol 
Fig. 4. (Fig. 3). A similar re¬ 

duction of early and late 
lags by small conc^trations of disinfectant is observed. The highest 
concentration at which growth can occur is 0*084 % w-cresol with inocula 

* Cf. Poole and Hinshelwood, J.C.S., 1940, 1565. 
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at the stage of TniniTrinm lag. With early and late lag inocula the 
limit is about o-o6 %. 

Growth Rate.—^There is an appreciable initial tolerance up to a limit 
at 0*02 % w-crebol. Increase oi concentration above this value leads to a 
linear decrease in growth rate (Fig. 4). Very small amounts of »w-cresol 
appear to cause a slight increase in gro^vth rate.® ThivS is shown not to 
be due to the bacteria utilising w-cresol as a source of carl^m more readily 
tiffin glucose, since no growth could be detected in media free Ironi 
glucose, but containing small amounts of w-cresol. The ?«-crcsol may 
possibly react with some constituent of the medium so as to bring the latter 
into a more readily available form. 

Stationary Population.—^Table III. shows that there is a slight fall in 
the stationary population as the concentration of ;»-cresol is increased. 
This fact, together with the tolerance of the organism to w-cresol with 
respect to growth rate, indicates that the disinfectant is partially neutralised 
during the growth of the bacteria. This corresponds to type 3a ol the 

growth rate-disinfectant 
TABLE III.— ^The Effect of w-Cresol on concentration curves 
Stationary Population. classified by Poole and 

- Hinshelwood.* 

Numb *r of At the highest concen- 

etenmnations. tration at which growth 

-- can he obsarved (o-oS %), 

H the stationary population 

I is about 500; this is to be 

I compared with 1500 for a 

I culture containing no dis»- 

I infectant. In this case, 

^ therefore, factors other 

* than the reduction to zero 

^ of the stationary popula- 

j tion preclude growiii at 

3 higher disinfectant con- 

3 centrations. Near the 

3 limiting w-cresol concen- 

4 tration, the lag is increas- 

I ing very rapidly, but the 

- growth rate is only falling 

slowly. It is clear that 
the increase to infinity of the lag limits growth under these conditions. 
Similarly, the limiting concentration of resorcinol is that at which the lag 
is tending to become infinite, whorca.< 5 , in ■^e case of phenol* the controlling 
fector is the reduction of the growth rate to zero. 

Morphological Changes Induced by m*Gresol.—When the particular 
strain of Bact. lactis aerogenes used in this work is grown in media contain¬ 
ing 0*07 % »i-cresol. it undergoes a striking moiphological cliange when the 
conditions are suitably adjusted. The bacteria, instead of appearing as 
the normal rod-shaped cells of length about ift, undergo donation along 
one axis to give thread-like cells. Single cells up to many hundreds of 
times the normal length are formed, and they may grow to lengths as great 
as 0'25 mm. 

The production of filaments has been observed with Bact. typhosum 
when grown in the presence of methyl violet,* with Streptococcus viridans 
in the presence of sulphanilamide, ’ and with Clostridium welchii, the 
cholera vibrio and numerous other organisms in the presence of concentra¬ 
tions of penicillin insufficient to inhibit growth completely.® 

® Cfj. Salter, J. Inf. Dis., 1919, 24, 260. 

« AinJey Walker and Murray, Brit. J., 1904, a, 16. 

»T nnuicTiff , J. Inf. Dis., 1939, 64, 59. 

• Gardner, Nature^ 1940, i^, 837. 


»»-Crosol 
Conen,, %. 

Average Stationary 
Population. 

0-000 

1262 

0-0007 

966 

0-0014 

1175 

0*0021 

1862 

0*0028 

1585 

0-0042 

X084 

0*0056 

2042 

0*0070 

1334 

0*014 

918 

0*021 

785 

0-028 

918 

0-042 

811 

0-056 

547 

0-070 

546 

0-084 

661 
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Similar morphological changes occurred when the organisms were 
cultured in media in which the glucose concentration had been reduced to 
a twentieth of its normal value.® Here, the distribution of sizes of the cells 
■was governed by the relation = »e-“*/», where is the number of cells 
with lengths greater than I, and f is the mean length of all the cells of total 
number «. 

To explain the phenomena occurring in dilute glucose media, it -was 
suggested that the bacteria synthesise an intracellular substance (D) which 
influences their division. Evidence was adduced that another substance 
(L), synthesised and excreted by the bacteria, must be present in concen¬ 
trations greater than a critical value before growth of bacterial substance, 
as distinct from division, can occur. Tn a similar way, it was assumed tha't 
(D) must be present in more -than a critical concentration before division 
can occur. Filaments are formed when elongation proceeds normally 
while the probability of division is low, e.g., when the concentration of 
(D) is below the critical. 

In media containing 0*07 % w-cresol, the value of I is very much greater 
than in the dilute glu¬ 
cose media. The actual 
number of ccUs i.s pro¬ 
portionately smaller, 
and a s-tatistical study 
of .sizes becomes more 
di fhcult. Fewer bacteria 
are in the field of view 
of the microscope at 
any one time, and the 
sizes of the very long 
cells are dijSficult to as¬ 
sess, since “they tend to 
become tangled. 

Since the filaments 
are very much longer 
in cultures containing 
«®-cresol under the con¬ 
ditions described below, 
it appears that (D) is in 
very short supply, and 
tlxat its synthesis is 
slowed down by 
a»-aresol. 

Conditions for the FormatLon of Snahe-Uke Cells by m«Cresol. 
Wc may now examine the conditions under which filaments are produced 
in the presence of w-cresol, and how each case may be explained by the 
above working hypothesis. 

If a standard culture is subcultured at •the minimum lag stage into a 
medium cou'taining 0-07 % w-cresol, filaments are produced after growth 
in the new medium has proceeded for some time. The filaments usually 
tend to disappear in the later stages of the culture cycle. The rate of 
synthesis of (D) is thought to be cut do'wn by w-cresol, so that, as growth 
in ■the new medium proceeds, the concentration of (D) in the cells is not 
main'tained at its original level in the inoculum ; when it falls below ■the 
critical value the cells elongate but do not di^vide. 

Idinimum lag inocula containing 0*07 % w-cresol give enhanced filament 
production when subcultured in the presence of 0-07 % w-cresol. In this 
case ■the inoculum i^tself contains snake-like forms, and may be supposed "to 
be lackiag in (D). Gxo-wth in the presence of w-cresol ■therefore starts 
under conditions favourable for tlw production of filaments. Hence, 

• Hinshelwood and Lodge, 1943. P S.S., B, in the press. 
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elongation proceeds for a longer time than in the former case, and increased 
production of snake-like forms results. 

If, instead of subculturing into media containing »«-cresol, inocula 
fiirmiar to the above are grown in the standard medium free from disin¬ 
fectant, no snake-like forms appear. Under these conditions, the rate of 
synthesis of (D) is always great enough for it to be provided in ade<iuate 
amounts. As before, the inoculum Irom the culture containing »H-crcsoI 
is deficient in (D). Even though lag is at its minimum, it is long enough 
for the deficiency to be made good before growtli starts. I'ho bacteria then 
divide as soon as other conditions become favourable, and the culture 
accordingly shows a normal appearance. The same reasoning appliovs to 
inocula taken at the late lag stage from media containing no m-cresol. 

Inocula taken from cultures with or without 0*07 % wi-cresol at the 
late lag stage do not produce filaments in media containing 0-07 % wcresol. 
It appears, therefore, that the lag is long enough for the bacteria to build 
up a concentration of (D) so great that it is maintained above its critical 
value throughout the period of elongation. The reserve so formed is 
sufficiently great even though the synthesis of (D) is slow. 

After the organisms have been subcultured ten times into media con¬ 
taining »j-cresol, no diminution in the production of filaments is evident 
provided that all inocula are taken 
TABLE IV.—Thk Effect of the at the niinimum lag stage. Thus, no 
Age of an Inocuijv,nt Culture adaptation of the bacteria to the 
containing 0-07 % m-CRESOL ON disinfectant occurs. 

THE M.G.T. OF SUBCULTURES INTO When a culturc containing 0-07 % 
Media free from Disinfectant. >H.cresol is put into tuftH-jq, containing 

- the same concentration of disinfect- 

m.g.t., ant, the lag falls to a minimum at 

Minutes. onset of the stationary phase of 

- the inoculant,!* and rises as the 

.-,5 stationary phase proceeds (Fig. 5); 

,^^.0 filament production tends to a maxi- 

Jo<6 mum when lag is shortest, no snake- 

98-0 like forms being given by either very 

53'6 young or very old inocula. With 

54*0 such inocula a sufficient reserve of 

30*4 (D) is built up before growth begins, 

- so that it is not exhausted while 

elongation is in progress. When the 
lag is short enough, there is a lack of (D) at some point in the growth 
cycle and filaments are produced. 

If a culture containing 0*07 % w-cresol is put back into the medium 
free from disinfectant at the onset of the stationary phase, the growth 
rate of the subculture has a normal value. As Ihe inoculant ages further, 
the growth rate falls to a minim um and filaments appear only in those 
su^ultures which grow slowly. Maximum production of snake-like cells 
coincides with slowest growth. As the inoculant ages still further, the 
growth rates of the subcultures gradually revert to normal and the produc¬ 
tion of filaments ceases simultaneously (Table IV). If the slow-growing 
orgasms are repeatedly subcultured in media con taining no w-cresol, 
their growth rates gradually increase and the tendency to give filaments 
g radu ally disapj^^ars. Almost complete recovery is brought about by 
forty such subcultures, but it is evident that the c^s must have suffered 
some profound change for recovery to take so long. This change is further 
evidenced by the variation in growth rate with the age of the inoculant 
culture, described above. 

To explain these phenomena it is suggested that, during the stationary 
phase as the inoculant containing w-cresol ages, a point is reached at which 

C/. Lodge and Hinshelwood, X943, 213, 


Age of the Inoculaat, 
Mintites. 


940 

1041 

1176 

1401 

1640 

2397 

3180 
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the permeability of the cell walls to m-cresol falls abruptly and almost to 
zero. It must also be assumed that the m-tcresol present in the cells modifies 
both those parts o£ the bacteria responsible for S3mthcsis of (D) and those 
which control the growrth of bacterial substance, and that the change takes 
a considerable time to occur. The modification in fact occurs mainly 
during the lag phase between inoculation and the start of growth in the 
medium free firom >«-cresol. 

Thus, when a culture containing 0*07 % w-cresol is subcultured in the 
early part of the stationary phase, the lag is short and there is little time 
for any damage to occur. Hence, normal growth ensues. With older 
inocula, the lags of the subcultures become longer and there is more time 
for the w-cresol to act. Hence, growth is slow and filaments are formed. 
Finally, however, the state is reached when the w-cresol can no longer 
penetrate the cell walls, and that which is already inside the cells must 
become neutralised by oxidation or other means. Upon subculture at 
this stage, therefore, the cells suffer no damage and growth is again normal. 

It is a pleasure to record our gratitude to Professor Hinshelwood for his 
help in connection with this work. 


Summary. 

The influences of resorcinol and of w-cresol on lags, growth rates and 
stationary populations of Bact. lactis aerogenes in liquid artificial media 
have been studied. 

The ways in which these characteristics of growth are changed by 
various concentrations of disinfectant lead to the following conclusions. 

(1) Both disinfectants have specific actions on various stages of cellular 
metabolism in different ways. 

(2) Indefinite prolongation of tiwa lag rather than reduction of the 
growrUx rate or of the stetionary population to zero causes inhibition of 
growth at the higher disinfectant concentrations. 

(3) Tho effects of resorcinol can be completely neutralised by the 
bactSda during growth; "with w-cresol, on the other hand, only partial 
neutralisation occurs. 

At a certain concentration of w-cresol, and with carefully controlled 
inocula, the bacteria undergo a mozphological change and grow to thread^ 
like cells many times their normal lengtii. The theory that elongation and 
division are processes controlled by separate factors is applied to the 
experimental results. 

Physical Chemistry Laboratory, 

Oxford University, 


THE ADAPTATION OF BACT. LACTIS AERO- 
GENES TO GROWTH IN THE PRESENCE OF 
SULPHONAMIDES. 

By D. S. Davies and C. N. Hinshelwood. 

Received 2,2.nd July, 1943. 

The object of the work to be described was to study the action of sul- 
phonamide com;^unds upon the growth of Bact. lactis aerogenes. 
Previous work with this organism showed that various antiseptic agents 
acted in specific ways upon different parts of the growth mechanism, some, 
for example, lengthening the lag phase, others reducing the actual rate of 
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multiplication progressively to zero.* The action of the typical sulphon- 
chosen proves to be unlike that of most other antiseptic agents : 
it is never complete, and it provokes responses whereby the bacteria become 
immune to the drug. The immunisation—well loiown in the clinical 
literature—is itself of some complexity. Some ol the threads of these 
matters have now been disentangled. The results may be of some indirect 
medical interest, but we shall be primarily concerned with the help they 
may give towards constructing a physico-chemical theory of coll growth 
and adaptation. 

Method.—The strain of Bact, iactis aerogenos used had been main¬ 
tained since 1937 ^7 monthly subculture in bouillon. Minor changes in 
growth rate were observed between 1937 and 1942, but experiments in 
1942 showed that the strain was still homogeneous. 

An artificial medium was used in all experiments. It contained ; 
10 cc. of glucose 100 g./l.; 10 cc. KHaPO*, 9 g./L, pR adjusted to 7*2 with 
NaOH ; 5 cc. of either a 5 g./l. solution of ammonium sulphate or of a 
5 g./l. solution of asparagine ; i cc. magnesium sulphate, i g./I. Solutions 
were made up in twice distilled sterile water and sterilised by intermittent 
boiling. 

The sulphon amides in aqueous solution were added as required, the 
additions not normally exceeding 2 cc. To obtain higher concentrations 
of bulphaguanidine (which is less soluble than sulphanilamide) portions 
of a solution saturated at 50** were added. 

The inhibition of growth, known from the original work of Tt^fouel 
and others, ••» was followed by examination of the complete growth curves, 
which were determined as follows. A tube of the standard medium was 
inoculated with a loop or two of the bouillon culture and incubated at 
39*7'* in a gentle stream of sterile air. At a suitable stage in its growth 
this culture was used as inoculant for quantitative experiments. Inocula 
were transferred by means of a o*i cc. pipette: the initial populations 
varied from 10* to 10’ cells per cc. When cloudiness began to develop, 
samples were withdrawn at suitable intervals, killed and stained immedi¬ 
ately, and set aside for coimting. Counts were determined in a haemocyto- 
meter with a chamber of depth 0*02 mm. The mean count, n, is given 
per unit square : the population per cc. is 1*25 x to* n. 

Characteristics of the Normal Growth of Bact. Iactis aerogenes 
in the Standard Medium.—In normal growth there is a well-defined 
logarithmic phase, where « = This usually continues to 

n — 800, when growth slows up sharply, but continues for some time till 
the stationary population (7/^) is attained. TJiis is usually about 2000. 
The most convenient measure of growtli is the mean generation time 
(m.g.t.), t\e. the lime required for the number of cells to double. Before 
the proliferation of the cells starts there is the usual lag pliase, inoasurecl 
by extrapolating the logarithmic growth curve back to « - » 7 o- A typical 
curve is shown in Fig. 1. The lag depends upon the age of the inoculum : 
if the latter is very young, the lag Is considerable, and has been called 
“ early lag." As the cells of the inoculum age, the lag falls nearly to zero 
and then increases again. It is convenient to refer to cultures in the 
*' early lag," " zero lag," or " late lag " state. The early lag is the time 
r^uired to build up a critical concentration of a growth promoter which 
difiuses from the cells into the medium.** * In the late lag; state various 
euz3ane systems have lost their activity. 

^ Poole and Hinshelwood, J . Chem. Soc., X940, 1565. 

*Tr6fouel, J., Tr6£ou^, lnune. J., Nitti ana Boret, Combt, Rend, Soc, Biol., 
1936, I20» 756. 

*Tr$fonel, J., Trdlouel, Mme. J., Nitti, Boret and Foumeau, 1937, ihid„ 12a, 
258. 

‘Lodge and Hindaelwood, /, Chemi. Soc., 1943, 213. 

* Hinabfilwood and Lodge, 1943, in the j^ess. 
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Form of the Grotirth Curve in Presence of Sulphonamldes.—This 
is shown in Fig. i. When Bact, lactis acrogenes is grown for the first 
time in a medium 


containing the sul- 
phonainide, the 
logarithmic phase 
is composite : the 
growth curve con¬ 
sists of two parts 
with an inter¬ 
section at what 
we shall term the 
' ‘ transition point. *' 
Here growth with 
a longer ra.g.t., 
which we shall call 
m.g.t. I, is super¬ 
seded by growth 
with a shorter 
m.g.t. which will be 
called m.g.t. IT. 

M.g.t. I and 
m.g.t. II as Func¬ 
tions of Sulphon- 
amide Concentra¬ 
tion.—^The retard¬ 
ing effect of the 
drug on logarith- 



400 600 800 1000 1200 MOO 1600 


Hme From inoculation (Minutes) 

Fig. 1.—^Typical Growth Curves. Open circles, normal 
culture: vertically divided circles, growth with 4*56 
p.p. million sulphanilamido : horizontally divided 
circles—^30*6 p.p.m. sulphanUamide (times plotted =* 
actual times —600) : full circles—467 p.p.m. sulphanil¬ 
amido (actual times—1200). 


mic growth is best expressed by recording the ratio of the m.g.t. for normal 
growth to the observed value in presence of the sulphonamide. M.g.t. I 
’ and m.g.t. TI both increase as the 



Fig. 2. —Influence of Drug Concentration 
on m.g.t. Ratio. Pull circles—^m.^.t. I 
in sulphanilamide (SA). Open circles 
—m.g.t. II in SA Horizontally divided 
circles—^m.g.t. I in sulphaguanidine 
(SG). Vertically divided circles—^m.g.t, 
II in SO. 


concentration increases (Fig. 2), 
i^. the ratios, which measure 
the relative rat^ of growth, fall. 
They do not, however, fall to 
zero (as would, for example, be 
found with phenol), but to v^l- 
defined limits as seen in the 
figure. 

Early and I/ate Lag as 
Functions of the Sulphonamide 
Concentration.—The lags all 
increase with the sulphonamide 
concentration: the results are 
given in Table I. The values for 
the early lags must be regarded 
as approximate only, since the 
extrapolation of the lower seg¬ 
ment of the growth curve was 
uncertain with the small inocala 
used in early lag determinations, 
and an indirect method was used. 
The results, however, show that 
the lags increase steadily with 
increasing concentration, and 


show much less tendency to 


reach a limit than the mean generation times. Lag and m.g.t. are, in fact, 
separate and individual fun<^ons of the sulphonamide concentration. 
Ixtterpretatiott of the Transition Point.—^This might have been 


interpreted as the point at which the cells have excreted enough of some 
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product which neutralises the action of the sulphonamide, or, in view of 
possible ejffects of pn on sulphonamide action/ as a point at which rapid 
change of pH occurs. Neither explanation fits. According to the first, 
the transition point would probably move to higher counts the greater 
the amount of drug to be dealt with. Actually it varies as in Fig. 4. The 
second is disproved by direct observation on the pi\, which falls to about 

TABLE I.—^EFPnor 01* Sulphonamides on T.ag. 


Siilpbanilamide 

Concentration 

(parts/miUion). 

Late Lag 
(nunutes). 

Early Lag 
(nunatcb). 

Sulphognanidine 
Concentration 
(parts/million). 

IrfitoLig 

(imnutcb). 

Senes I . 





0 

925 


0 

1575 

2*2 

971 


15*1 

2034 

4*4 

1041 


29-1 

2291 

6-5 

1102 


42-1 

2678 

20*2 

1375 


82-5 

3316 

39-7 

1474 


160 

4958 




298 

Did not grow 

Series 11 . 





0 

863 

340 



20*2 

2197 

830 



39-7 

2736 

660 



107 

2924 I 

620 1 



299 

3555 ' 

2674 

i 


467 

4798 


j 



6*0 during the lag and, whether sulphonamide is present or not, remains 
nearly constant during most of the logarithmic phase. 

The true explanation is suggested by the observation that subcultures 
taken toward the end of the second stage of the logarithmic phase show a 
much earlier transition point, and ind^ may grow from the start with 
m.g.t. II. All the facts can be correlated by the following scheme. There 
are two modes of growth which may be referred to as I and II. I is the 

normal mode, and is sen¬ 
sitive to the presence ot 
the drug. II is an alterna¬ 
tive mode, not normally 
called into play, because 
it is less rapid than 1. 
Ordinarily the enzymes 
involved in II are not 
immediately utUisable, 
but are in a state cor¬ 
responding to the late lag 
phase. \^en mode I is 
largely put out of action 
by the sulphonamide, 
mode II, which is less 
sensitive to the drug, can 
compete on more equal 
terms. We have, therefore, a superposition of mode I with shorter lag and 
sloyrer growth rate, and mode II with longer lag and more rapid growth. 
This is shown in Fig. 3, where the transition point is given by the inter¬ 
section of the two growth curves. On subcultnring crfls which have once 
been grown in presence of the drug, the lag of mechanism II is shortened, 

« Rose and Foac, Pvoc, Soc, Exp. Biol. Mod,. 194^, go, £42. 



Fig. 3.—Adaptation by the Progressive Shortening 
ox the Lag of a Reserve Mechanism,. AB »lag 
of normal (but retarded) mechanism. AC =* lag 
of reserve mechanism. 
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with lowering of the transition point, ; 
ment of mode I by mode II. 

This view of the matter is con¬ 
firmed by three sets of observa- 
tioas;— 

(1) The lag in a medium con¬ 
taining sulphonanidde is, in fact, less 
for cultures which have already been 
grown in presence of the drug 
(Table VII). 

(2) The " immunity ” of the sub¬ 
culture decays as the inoculum ages 
(Table V 3 ). This is due to the 
normal development of lag with age. 
Ordinarily the lag of mode II is greater 
than that of mode I; when mode II 
has been mobilised by growth in 
sulphonamide its lag is shortened 
relatively to that of mode I, but on 
ageing of the cells there is reversion 
to the normal relationship. 

(3) The curve of transition point 
against drug concentration is very 
difleront for sulphanilamide and for 
sulphaguanidine. This can be simply 
explained. Let the two modes of 
growth have lags Lx and L, and 
growth constants kx and A, respective! 


shown, or even complete replacc- 



0 . , , K» iSO 3Q0 400 

Suyia nw wKfa CenemtnMn pjxmllm 
Fig. 4.—^Lower Curves : Actual 
Variation of Transition Point 
with Drug Concentration. 
Upper Curves : Inferred Change 
of Lag Difference with Drug 
Concentration. 


r, then 


TABLE II.—Effect of 

SVLPHANILAMIOB OFT 

Stationary Popula¬ 
tion. 


Sulphanilamide 
Concentration 
(Parts/million). 


O 


2-85 

4.4 

.■>•5 

i>‘5 

TO*7 

20*2 

39-7 

54 *G 

107 

299 

467 


Ms 


1440 

1140 

1300 

ie>oo 

1760 

7620 

2340 

3240 

3540 

2260 

2760 

x6oo 

2260 

1330 

1600 


730 

780 


fix = and ^ 

The transition point occurs where nx — fio — «t, 
so that 

r.-L. = 2-303 log 

Ftom the d^endence of »t on concentration in 
Fig. 42>, using the known dependence of kx and 
Ag on concentration (Fig. 2), the variation of 
La sa Lx has been calc^ated and plotted in 
Fig. 4a. The apparently quite different curves 
in Fig. 46 can be explained, as shown, by the 
relatively small quantitative differences in the 
effects of the two drugs on (La — L^), which 
are not such as to cause surprise. 

Stationary Population.—^The variation of 
«B with sulphonamide concentration is given in 
Table II. The final ;^h of sulphonamide cultures 
is higher than normal, which may in part ex¬ 
plain the occurrence of a maximum. ^ 

Growth in Presence of Sulphonamldes of 
Qultures in the “Zero Lag** State.—This is 
anomalous, and can be explained by assuming 
that the sulphonamide requires time to exert 
its effect—either because it is slow in pene¬ 
trating into the cell, or because it must suffer 
a preliminary chemical change. * Growth begins 


^ lodge and Hinshelwood, /. Chem . Soc ., 1939, 16S3. 

® Aikm, Shinn, and Millon, Proc . Soc . Efsp . Biol . Med ., 1938, 39, 272, 591; 
1939> 43» 115 ; i940» 43» 593* 
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rapidly, at nearly the rate in the standard medium, but at an early stage 
it sutlers an arrest, greater at high sulphonamide concentrations, alter 
which the phenomena are as previously described. Fig. 5 shows some 

lypical curves. As the 
lag of the inoculaut 
lengthens, the arrest 
becomes move marked 
and finally the initial 
phase of rapid growth 
disappears. 

Influence of Amino- 
benzoic Acid and of 
Filtered Medium from 
Old Cultures.—^Amino- 
benzoic acid is known 
to antagonise the action 
of sulphonamides.* To 
determine whether it 
would produce a change 
similar to the transition 
from growth with m.g.t. 
Tim, from InoeuUbor j ^O that With m.g.t. IT, 

Fig. 5.—Initial Rapid Growth of Cultures with . mwsurements in 
^ort Lag. I. 107 p.p.m. SA, minimum lag. Table III wcare made. 
II. 299 p.p.m. SA, minimum lag. III. 467 The aminobenzoic acid 
p.p.m. SA, minimum lag. IV. 107 p.p.m. SA, is found to restore the 
lag 114 minutes. V. 399 p.p.m. SA, late lag. growth rate to normal, 

i,e. to reduce the m.g.t. 

I to well below m.g.t. II. What we have called mode II of growth, therefore, 
seems not to be associated with excess aminobenzoic acid production. 

TABLE III.— ^Effect of AnnmoN of Foreign Substances to Sulphanii-amidf. 
Cultures. 



Sulphanilamide concentration in parts/million -= c. 

(i) Sulphamlamide alone. 

c—. o I 10*7 I 39-7 j 107 I 299 

m.g.t. I. 35' 88' 1O5' 320' 220' 

m.g.t. II. — I 52-8' j 08-9' | 90*4' j 07' 

lag (early) 340 increasing to 1300 mins. 

, 1300 I 3500 \ 1500 1 1 


(ii) SulplMnilamide with 7-6 p.p.m. p-emmobemoic acid. 


0 

10-7 

39-7 

107 

36" 

31 * 6 ' 

32-6' 

34' 

330 

i 231 

2x3 

X13 

1480 

1 1460 

x6oo 


.*99 
ca. 40' 
ca. 80 mins. 


(iii) Si4JphamUmide with 1/13 parts by vol. of centrifuged filtrate. 



Since the medium removed by filtration or centciCuging from a culture 
in the zero lag state has a very marked effect in reducing the early lag of 

• Woods, Brit. J. Bxp. Podh.f 1940, ai, 74. 
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inocula in the standard medium/ it was thought of interest to determine 
what effect this filtrate would have on sulphonamide action. The usual 
reduction of lag is observed, but no neutralisation of the other actions of 
the drug (Table III), 

Growth in an Asparagine Medium.—^When the ammonium sulphate 
in the standard medium is replaced by asparagine, the effects of the sulphon¬ 
amide remain qualitatively the same, but the relative values of the m.g.t.'s 
are changed. M.g.t. 1 in the asparagine medium is uniformly higher, i.e. 
the growth mechanism which utilises the amino acid is more sensitive to 
the action of the drug. On the other hand, m.g.t. II, that of the reserve 
mechanism, is the same for both media (Table IV). The adaptation 

TABLE IV. —Growth in Presence of Sulphanilamide with Alternative 
Nitrogen Sources. 


Nitiogen 

Source. 

Sulphanilamido 

Cimcentration 

(parts/million). 

Lag (mms.). 

iii.g 1 . 1 . 

(nun's.). 

m.g.t. II. 
(mms.). 

Ammonium 

/117 

2000 

194 

76 

Sulphate 


4075 

220 

57 

Asparagino . 

/ll7 

1225 

2275 

1500 

386 

1545 

90 

60 


phenomena described below occur in the same way whichever nitrogen 
source is used, either for training or for testing. 

Adaptation of Bact. lactis aerogenes to Growth in Presence of 
Sulphonamides: Training Phenomena.—^The immunity towards sul- 
phonamides developed by the cells after growth in their presence has 
already been referred to. The development of this Immunity has been 
studied in some detail. For the quantitative measure of it we define a 
“ training coefl&cient ” as follows : let t be the time required for the count 
of the culture to increase from 20 to 200, then 

j. ^trsinea — ^mitrainod 
^nmralned — trained 

The progress of training may, according to circumstances, be reflected in 
a shift of the transition point to lower values of n, or in a decrease in the 
value of m.g.t. II. Both increase T. An untrained culture has T s= o, 
one for which the transition point has been so far lowered that all growth 
occurs with the m.g.t. II of the first growth in sulphanilamide has T = o*8, 
while one so completely trained tlmt it grows like a normal culture in 
absence of drug has T = i-o. 

Complete Adaptation.—After 23 or 30 subcultures in a medium 
containing 216 p.p, million sulphanilamide the characteristics of the final 
cultures were as follows : (1) T approached i-o. (2) T did not decrease 
much as the culture aged. (3) The adaptation was non-specific : cultures 
trained in sulphanilamide showed a high degree of immunity to sulpha- 
guanidine, (4) T did not show a rapid or serious decline after several 
passages through the standard medium containii:^ no sulphonamide and 
subsequent test ha presence of sulphanilamide. These facts are illustrated 
in Table V. 

Development of Adaptation. First and Second Cultures in Sul¬ 
phonamide Media.—The chief facts are shown in Figs. 6 and 7. After 
one passage through sulphanilamide the cells are well enough trained to 
grow in a second culture at m.g.t. II throughout. This training is specific : 
when identical inocula from a sulphanilamide culture are transferred to 
media containing sulphanilamide and sulphaguanidine respectively, they 



438 ADAPTATION OF BACT. LACTIS AEROGENES 

are trained towards the former but not towards the latter, and vice versa 
(Fig. 6). The training is shown both in the reduction of lag, and in the 
earlier transition point. 

TABLE V,—GROwrH of Cells Subculturep 30 Timi-s in Presvnce of 
SULPHAN IT^MID K 


(1) Growth after passage ihrotti^h nortncd medium. 


No. of Pas<?aRB9 
(Total Tune m Brackets). 

m B.t. II. 

(nuns.). 

Training Coefficient 

T m SA 216 p.p.m. 

0 (completely trained strain) 

27*6 

1*03 

I (29 hours) ..... 

44‘4 

0-73 

2 (100 hours) ..... 

43 

0*8l 

5 (15 days). 

46 

0-88 

5 times in artificial medium as above, 
then 34 weeks in bouillon 

45-6 

O'Si 

After 34' weeks in bouillon and then 16 
sub-cultures in normal me^um 

43-6 

0'8<) 

Ditto and 17 sub-cultures in normal 
medium ..... 

4-. 

076 


(ii) Variatton of adaptation with age ofinoctdant. 


Tizne from Onset of Stationary 

Phase of Parent 
(miss.). 

T in 325 p.pJ3i. 
Sulplifinilianide« 

T m 160 p.p.m. 
Sulphagnanidme. 

0 

1-03 

0-99 

1090 

0*87 

©•85 

2555 

0*67 

0*80 

4040 


0*84 






D. S* DAVIES AND C. N. HINSHELWOOD 


439 


TABI.E VI.— Characteristics of Adaptation at Second Serial Subculture 
IN Presence of Sulphonamide. 

SA - sulphanilamide. SG .sulphaguanidino. 

(a) Effect of variation in age of pavent. Parent and test cultures conttrin 220 
p.p.m. SA. 


Age, measured from On&ef of 
Stationary Phase, 
(mins.). 


TO.g.t. II 
(mms.). 


T . 


Series I. 


-460 1 

67 

0*13 

0 1 

74-6 

0-58 

807 j 

82-0 

0-35 

Series 11. 



0 

88 

0-25 

2410 

5«'4 1 

0*13 

3890 

<i6 

0-02 

4650 

52 

— 0-04 

6355 


0*01 


(b) Change of immunity to S/i and SG with age of parent. Parent grown in 225 
p.p.m. SA. 


Age, measured from Onset of 



Stationary Phase. 

(mins.). 

01*825 p.p.m. SA. 

in z6o p.pjn. SG. 

0 

0*69 

0*26 

928 

0*32 

0*28 

2246 

0*2 

-o-iS 


(c) Loss of immunity after passage through normal medium. 



Lag 

(mins.). 

m.g.t. I 
(muu.). 


T . 

Parent (3td culture in 220 p.p.m. 
SA) » . . . . 

30 


62 

0*70 

Culture in 220 p.p.m. SA after 1 
growtli in normal medium . 

280 

198 

58*2 

--o*i4 


(d) Effect of growth in one drug on immunity iowa/rd another. 


Drug in Inocnient 
Culture. 

Drug In Test 
Cmture. 

Lag 

(mins.). 

m.g.t. Z 
(mms.). 

m.g.t. II 
(nuns.). 

r. 

220 p.p.m SA . 

220 p.p.m. SA 

250 


78*0 

0-33 

220 p.p.m. SA . 

160 p.p.m. SG 

1060 ! 

264*0 

8o*8 

--0-12 

Ido p.p.m. SG . 

220 p.p.m. SA 

2430 1 

194*0 

76*0 

0*12 

z6o p.p.m. $G . 

160 p.p.m. SG 

120 j 


68*0 

0*65 
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After one through the standard mediuni without sulphonarnide 

the immunity is largely lost (Fig. 7) • The immunity ha.s not been attained 
until some time past the transition point, as shown by one of the curves in 
Fig. 7. 

The immunity decays as the culture ages (Tabic VI). 



7. Development 
an<i Dooavof Adapta< ion 
m ICtu ly St,»t'es All < ul- 
tures m 118 p.p.m. SA. 

I. First culture (tinu‘ zero 
2000 ininut<>8 from i >rigin). 

II . Second culture in SA 
inoculat(‘<l at transition 
point. III. Second sub¬ 
culture, inoculated at on¬ 
set of stationary phase. 
IV. Sccoml subculture, 
inoculateil 800 minutes 
after onset of stationary 
plmse, V. Strain made 
immune by three passages 
tlirough SA, inoculaleil at 
on.set of stationary phase. 
VI. Strain, from V as 
parent, wlxose adaptation 
has been lostafter pas.sagc 
through normal medium. 


TABLE VII.—^Varutiok oi? La.tr Lag 
WITH Agu of Parent in Sulfiianil- 
AMiDB Cultures. 

The zero of the age scale is tiiken as the 
point at which the count of the parent 
is TOOO. 

All Ittjf cultures contained 225 p.p.m, of 
sulphanilamide. 


The lag is in any case a function of the ago of the inoculum, but for 
inocula of comparable ages the lag is much less in the second sulphanilamide 
culture than the first (Table VII). 

Progressive Development of 
the Adaptation.—^Repeated sub¬ 
cultures were made in the stand¬ 
ard medium containing 225 p.p. 
million sulphanilamide. At fre¬ 
quent intarvals the following 
quantities were determined : (1) 

T in sulphanilamide, (2) T in 
sulph^anidine, (3) T in sulpha¬ 
nilamide of the subculture which 
had been passed in tho mcantimo 
through the standard medium 
containing no sulphonarnide, (4) 
the value of m.g.t. II in mo 
sulphanilamido medium. Tlie re¬ 
sults are shown in Fig. 8, which 
reveals the following facts. The 
spedfic immunity to one drug 
devdops more rapidly than the 
non-specific immunity to both, 
thou^ the final state is complete 
adaptation both to sulphanilamide 
^d to sulphaguanidine. The 
ixreversibility of the adaptation 
also devdoj^ according to its 
own chaxactaristic curve. 

For the earlier serial sub- 

c^tures the increase in the value of T is due principally to the lowering 
2 transition point, m.g.t- II showing little change. In the later 
st^es of the training process, m.g.t. II itsdf b<^ins to decrease and 
ultimately falls nearly to tho standard value for normal growth. 


Count of 

Ari* 

I-ag 

laocuUiit. 

(nun*..). 

(uuus.). 

(a) Normal etdture a$ parent. 

1400 

Sro 

<)UO 

1440 


2410 


i <»45 

2140 

lyoo 

3020 

3040 

(b) Ouiture groim in 225 p.p.m, sulphanil^ 

amtds as parmt. 


xooo 

0 

X 4 

1300 

910 

265 

1340 

2080 

1308 

28x0 

142X 

2060 
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Non-specilic immunity of bacteria to sulphonamides alter repeated 
subculture in their presence has been reported by Kirby and Rantz.^® 
Tabic VIll shows that adaptation can occur quite readily in presence of 



Fig. 8.—I?rogrcs8ive Development of Training in Presence of SA. Open circles, 
training coefficient, T, in SA. Full circles, T for SG. Horizontally 
divided circles, T in SA after passage through normal medium. Black 
rimmed circles, m.g.t. II in SA (ordinates on right of figure). 


TABLE VIII.— Growth and Adaptation in Media containing two 
Sulphonamides. 


Drag in Parent 
Culture. 

Drag In Test 
Cmture. 


m.g.t. I 
(minutes). 

Sl.g.t. II 
(minutes). 

T. 

None . 

None , 

225 p.p.m. SA 
225 p-p.m. SA 

X13 p.p.m. SA 
80 p.p.m. SG 

rii3 p.p.m. SA 
\ 80 p.p.m. SG 
160 p.p.m. SG 
/113 p.p.m. SA 
\ 80 p.p.m. SG 
iCo p.p.m. SG 

225 p.p.m. SA 

j 1x3 p.p.m. SA 
j 80 p.p.m. SG 

160 p.p.m. SG 

^ 2800 
2200 
y 1700 
1850 

35 

} 

40 

2II-2 

unknown 

235*2 

X94*8 

1 

90*4 

45*2 

71-2 

65*2 

53-0 

64-6 

49*4 

0 

0 

0-2 

—0*48 

0-6 ■) 

from 

same 

0*67 Vcultnre 
at 

... same 
® ^4 J time. 


a mixture of sulphanilamide and sulphaguanidine, i.e. there is nothing in 
the mechanism of one specific type of training which excludes the simul¬ 
taneous occurrence of the other. 


Kirby and Rantz, J. Exp. Med., 1943, 77, 29. 
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Discussion. 

(a) Formal Interpretation of Results. 

(1) Since the final adaptation to the sulphonamide is complete, non¬ 
specific and dif&cultly reversible, and since various substances such as 
aminobenzoic acid or methionine are known to antagonise the action of 
the drugs, the simplest hypothesis to make is that during training the cells 
develop the enzymes necessary for the synthesis of an appropriate sul- 
phonainide antagonist. Once developed, these enzyme systems, lor 
reasons which will be discussed below, are relatively permanent. 

(2) In the earlier stages the adaptation is diffCTent: it is specific, easily 
reversible, not only by subculture in the normal medium, but by simple 
ageing of the cells, and manifests itself chiefly by a lowering of the transi¬ 
tion point. As we have seen, it is interpretable as a shorteni^ of the lag 
phase of a reserve growth medhanism. The mobilisation of this mechanism 
is, however, but a temporary expedient, which serves while the more 
radical solution is being developed. 

(3) The initial adaptation being little more than the shortening of a 
lag, it is easy to understand why in "^e early stages of training the immunity 
is readily lost; the natural lengthening of lag, as cultures age, is a phaio- 
menon of general occurrence. 

{4) The complex effects of the sulphonamides upon ^owth sujggest 
that the drugs do not so much interfere with a single link in the series of 
vital processes as bring about a general disorganisation of the cell. The 
response of the cell is correspondingly complex. 

(5) The curves in Fig. 2 show that growth cannot be entirely inhibited. 
If we think of the enzymes responsible for the cell processes as constituted 
by protein pattmns of various kinds, then we must conclude that there 
are certain groupings which are not affected by the drugs and which are 
capable of serving the needs of the cell, though less efficiently than those in 
normal use. 

(6) The patterns which serve as the basis of enzyme fimetions may be 
almo^ inflnitely varied. In the presence of sulphonamide, fresh configura¬ 
tions may be slowly built up which can perform the essential reactions of 
the cell in spite of the adverse conditions. This may well occur during 
the lag phase of the mechanism corresponding to m.g.t. II. Since the 
immunity which devdops is specific to one drug, quite delicate structural 
or sterecKfliemical relations seem to be involved at this stage. 

It is important to note that the specificity is reciproc^ in the early 
stages of immunisation, i.e. training in sulphaguanidine does not im¬ 
munise to sulphanilamide, nor vice versa. (It might have been found that 
the drugs could be arranged in an order of ;^tency, training in the presence 
of the more powerful members of a series Immunising towards all the less 
powerful members.) 

(6) Natural Selection and Adaptation. 

Where repeated sub-cultture changes the character of a bacterial popula¬ 
tion, two hypotheses are jpossible. F^xst, we may assume the initial popula¬ 
tion to have been made up of several distinct stxidns, one of which increases 
relatively to the other during successive growth cydes. Tlfis we shall call 
sdection, restricting the term to a mere shift in the numerical balance 
between non-interconvertible types. Secondly, we may suppose that in 
successive generations the cells of one initial type undergo tnodifirAtirt-n of 
their enzyme systems. This we shall call adaptation. 

In many respects the consequ^ces of the two hypotheses are the same, 
but in interpreting the above results we prefer the latter for the foUowii^ 
reasons: (r) In the early stages of training the adaptation is lost on 

^ Bliss and Long, £uli. Johns Hop. Hasp., 1^41, dp, 14. 
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passage through the normal medium. This reversal, according to the 
selection h3Tpothesis, would mean that the postulated sulphonamide- 
resistant strain actually g^ew less well in the normal medium : an assumj)- 
tion which is not impossible, but unlikely. (2) Immunity decreases with 
the age of the cultm*e. This would mean that the type which grew most 
readily in presence of sulphonamide also died off most rapidly: again, a 
very unlikely conclusion. (3) The -braining is a multiple process, different 
functions a<^pttng themselves at different rates, as shown by Fig. 8. In 
terms of the selection theory this would mean that there were present 
initially, not two but a whole spectrum of bacterial strains. Since the 
culture used was originally derived from a single colony, this could only be 
true if one original type had at one stage become heterogeneous—an assump¬ 
tion which itself admits the possibili-fcy of continuous modification of the 
strain. It is therefore simpler and more logical to esplatn the observed 
changes by assuming an actual adaptation of the enzyme systems. 

(c) Nature of the Adaptation Process. 

(1) We regard adaptation as a modification of the enz3rme balance of 
the cell. 

(2) In particular, when a certain function of the cell develops during 
the adaptation process, we imagine that there occurs an expansion of 
certain protein patterns. 

(3) Wc now ask why this expansion occurs in response to a need of the 
cell. We believe the answer to be that it -will, in fact, occur automatically 
when some key process can be formulated according to the general scheme : 

enxyme pattern + reactant molecule = ^molecularfr'c^ments 

{if necessary utUisable in further reactions), 

tho enzyme expanding as it does its work. Its amount will then increase 
with time according to the law x = Xq^* during certain periods. 

(4) An example of adaptation reduced to its simplest terms may now 
be considered. I-et there be two enzyme systems present in the cell, the 
first in very small amount Xq, and the second in large amount y„. Let 
both operate according to the above scheme. Considar growth in. a naedium 
in which Xo increases at a smaU rate ft* while yo increases at a greater rate 
fty. The cell divides when it reaches a certain size, at which time yo -wiU 
have expanded to some amoimt yi while Xo will only have increased -to Xi, 
where 

yo 

Now lot the cell be transferred to a medium where the essential reactants for 
the incraise of " y " are in short supply, so -that the specific rate fty is reduced 
to ft'y. The cell now makes more use of the products of the af-enzyme. 
Let division still occur when yi is reached : the value of Xi at this point is 

now given by — » so that ~ = e^*’' Thus the new cell 

yi yo 

starts with a better supply of enzyme " x " than did its parent. When 
it, in turn, divides, we have ~ and so on, until enzyme 

X ” takes control and the moment of division depends upon the attain¬ 
ment of a given value of Xi. If the two enz3rm^ are independent, and 
concerned in alternative, ratha than in linked mechanisms, their amounts 
cannot stand in a fixed rdation durmg cell growth, unless the two rate 
constants are identical, which would not in general be true. 

Naturally in real ^camples the adaptation would be a complicated 
combination of schemes of which the above is a crude illustration only. 
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(5) The fundamental scheme in paragraph (3) of this section has simple 
analogies in other parts of chemistry. The decomposition of arsine is 
catalysed by a surface of metallic arsenic, so that we have: 

catalyst + substrate- — more catalyst -f product. 

This scheme can be extended to any case where an ordered structure 
expands by the accretion of now units. The order thereby created repre¬ 
sents a decrease in free energy which can compensate accompanying 
increases, in the formation of other reactive products. Certain protein 
patterns may well extend themselves by removing suitable fragments from 
other molecules, leaving residues which, can participate in other cell reac¬ 
tions. If this type of coupling lies at ihe basis of the equation in paragraph 
(3), then adaptation can be understood in principle. 

(6) From the above, it seems that an enzyme system will remain in 
use o:^y when it is the most efficient means available for a particular purpose. 
To explain the persistance, during growth .in the normal medium, of the 
antagonist-forming mechanism invoked to explain adaptation to the sul- 
phonamide (see above), we must assume that this process can also be used 
with advantage in normal growth. Such a circumstance is by no means 
unlikely. 

Summary. 

The influence of two typical sulphonamide compounds (sulphanilamide 
and sulphaguanidine) on the ^owth of Bact. lactis aerogenes has been 
studied. Increasing concentrations of either drug progressively lengthen the 
lag phase and reduce the growth rate. The latter, however, never reaches 
zero, as it does in presence of other antiseptics. 

At a certain stage during growth in presence of the sulphonamide 
there may be a transition from a slower to a more rapid rate of multiplica¬ 
tion. This has been shown to be due to an adaptation of the bacteria. 

After thirty passages through media containing sulphonamide an 
immunity has developed which is almost complete: it is neither specific 
to a particular sulphonamide, nor reversible by passage through the normal 
medium. The growth rate may reach that found in sulphonamide free 
media. To explain this it is assumed that the cells develop enzymes which 
produce a sulphonamide antagonist. The establishment of this complete 
immunity is slow and complex. In the early stages of training the adapta¬ 
tion is specific to one drug, easily Ic^, and partial, in that the growth rate 
is markedly less than normal. The immunity attained after one or two 
passages through the sulphonamide medium is of a dificrent kind from 
that developed later, and can be interpreted as the shortening of the lag 
of an alternative growth mechanism which is more resistant to sulphon- 
anoides than that normally concerned. 

The phydco-chemical basis of the adaptive process is considered. 
Physical Chemistry Laboratory, 

Oxford Universal. 


GENERAL DISCUSSION 

Prof. Rideal said: Has Mr. Lodge had any evidence of the treated 
bacteria which showed abnormal type of growth reverting to the normal 
pattern when put back into normal media for several generations. I 
remember that during the last war I carried out a few experiments in the 
Sonome valley on the fermentation of sugars by B.-coli and found that I 
could modify the fermentative properties of B.-coh for various sugars by 
treatment with h3^pochlorite. In this case the recovery of fermentative 
powers on sub-incubation was not achieved. 
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THE SOVIET SCIENTISTS ANTIFASCIST COM¬ 
MITTEE SENDING SOVIET SCIENTISTS^ 
MESSAGE OF PROTEST AGAINST GERMAN 
ATROCITIES. 

Cabled to the Faraday Society, and received lotk December, 1943. 

The big victories of the Red Army have made 1943 an outstanding 
year. Beginning with Stalingrad, hundreds of towns have been regained 
from the Gormsms, amongst them mother Russian cities, and Kiev, the 
capital of the Ukraine. The Red Army has liberated the whole of the 
Ukraine lying eastward of the Dnieper, and is to-day fighting fierce and 
bloody battles westward of the river. 

We Soviet scientists express our joy at the approaching end of the 
destruction wrought towards our country, and the end of the massacre 
and unexampled torture of Soviet citizens in occupied territories. As the 
Red Army advances westward our wrath increases, for we learn of count¬ 
less savage crimes committed by German officers and men. Wherever the 
German army has been it has brought death and slavery to the people, 
and destruction of culture. 

The Soviet writer, Alexei Tolstoy, member of the Academy of Sciences, 
U S.S.R., visited the North Caucasian towns of Stavropol, Georgievsk, 
Kislovodsk, Essentuki, Mineralniye Vody, Zheleznovodsk, Teberda, the 
town of Krasnodar in the Kuban, and the city of Kharkov in the Ukraine, 
and everywhere he personally established the facts concerning the mon¬ 
strous crimes of the Germans and the massacre of the population. An 
anti-tank ditch near Mineralniye Vody was opened before the eyes of 
Academician Tolstoy. In the ditch lay the bodies of 6000 Soviet citizens 
—^many women, children, and aged people amongst them—^vrho had been 
brutally shot by the Germans. In the city of Kharkov huge pits were 
opened in the presence of Alexei Tolstoy, and here lay the bodies of 12,000 
Soviet citizens, many of them women and children. 

Gestapo prisons were established wherever the Germans went, and 
behind their walls the butchers tortured their victims. The terror reigned 
throughout the occupied territory. The Soviet people were placed beyond 
the protection of law. 

Every soldier of the German army is corrupted by banditry. He may, 
with the approval of his superiors, loot and murder Soviet people. 

Professor Nikolai Burdenko, member of the Academy of Sciences, 
U.S.S.R., personally investigated the crimes of the Germzms in the city 
and district of Orel. In addition to inflicting tremendous material losses 
on the people of the Orel district, the Germans murdered large numbers of 
citizens. In one graveyard under the city walls the bodies of 5000 victims 
of Hitler's tyranny were found. The Germans systematically murdered 
prisoners of war in their camps and prison hospitals where Red Army men 
were kept. 

Academician Burdenko says in his report:— 

** The picture which the eye saw was beyond all effort of the im^nation. 
Joy at seeing the liberated peoples was darkened by that which is impressed 
on their features. This was something to make one ask its cause. The 
sufferings they had experienced apparently placed on them the sign of 
death in life. I had these people under my observation for three days. 

I bound up their injuries and arranged their evacuation, but stiU the 
psychological stupor did not change. Something similar is expressed m 
the faces of doctors during the first few days. People died in camps from 
disease and hunger and beatings. They died in hospital and in jniison 
19 447 
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from wound infections, from sepsis, and from hunger. Civilians perished 
from the shootings which took place in prison yards, with true German 
punctuality on Tuesdays and Fridays." 

Burdenko also directed the investigation of Gorman crimes iu the town 
of Smolensk. In places in Smolensk and its environs which his commission 
investigated, they found the IxKiies of 135,000 Soviet citizens who ^vorc 
murdered or who died during the 26 months the Germans wore near the 
town. 

Vladimir Obraztzov and Boris Keller, niemlwrs of our Academy, and 
Professor Vsevolod Durdenevsky of Moscow University, also saw the 
marks of the German’s monstrous crimes, amongst them crimes against 
science and culture. 

When they retreated from Smolensk, the Germans burned down the 
teaching, nutritional, and agricultural institutes, destroyed the finance, 
co-operative, and railway technical institutes, and the institute of telegraph 
and telephone communications. The Germans looted valuable collections 
from Smolensk museums. They blew up buildings devoted to museums, 
art, and history, and ruined almost all the churches, fine old monuments 
of Russian architecture. Academician Alexei Tolstoy also noted that the 
Germans, as they retreated from the towns, systematically blew up or 
burnt schools, scientific institutions, theatres, and museums. 

In the town of Staline the Germans wrecked the medical institute and 
burned down all the buildings of the industrial institute where 15,000 
students studied. Fearing encirclement, the Germans fled from Kiev in 
panic, and therefore did not have time to blow up many buildings and sot 
fire to the city. Nevertheless, they managed to blow up and burn a 
number of large buildings, amongst them ]^ev University, with its rich 
library, museums, laboratories. The Gennan army loot^ all the Kiev 
museums, libraries, archives, laboratories, and research institutions. 
Academician Alexander Palladin, vice-president of the Ukrainian Academy 
of Sciences, bears witness to all these German crimes. Professor Alexander 
Brodsky, member of the Ukrainian Academy of Sciences, bears witiiess 
that the Germans blew up and burned the mining institute, with its huge 
library, at the University Institute of Applied Chemistry, and that they 
looted and destroyed a number of other research institutes at Dnepro¬ 
petrovsk. Professor Peter Budnikov, member of the Ukrainian Academy, 
who visited Kharkov, states that the Germans destroyed the Institute of 
Applied Chemistry, of Electrotechnical Engineering, and other institutes. 

At Poltava, Zaporozhye, Chernigov, and other tovms that have boon 
liberated from the Germans, wo found colleges, libraries, and schools 
destroyed. 

We learn from surviving inhabitants that the looting of temporarily 
occupied towns was organised by the German Government, and directed 
by German ofi 9 .cials or army officers. A tragic fate awaited intellectuals 
who remained behind in German-occupied territory. Professor Tereschenko, 
who lived iu Kharkov during the German occupation, made the following 
statement:— 

During two years of fascist slavery many professors and scientific 
workers perished. Some were shot by the Germans, others died of starva¬ 
tion. Academician Beketov, honoured Art-worker Burachek, Professors 
Rotkevich, Dybsky, Razdolsky, Rakhmaninov, and others, died of starva¬ 
tion. Those who lived through this period were treated as slaves.” 

On the basis of proven facts, we declare that the Germans are d^ber- 
atdy anmhilating -the sdentiists and intellectuals in occupied countries. 

Scientists and medical workers are participating in the crimes of the 
German army. They invented the ” murder-van,” by which Soviet people 
wOTe IriUed with carbon monoxide. It has been established by documentary 
evidence that German doctors have killed children by pumping blood out 
of them. 
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l^'orced deportation o£ millions of Soviet people to Germany—in some 
places the entire population has been driven off—^the introduction of a 
Klavc-(>wniii|jf regime in oceupied territorievS, the branding of prisoners of 
war, and hundreds and thousands of women and children and aged, as 
well as lln)se who breathed a protest—this is but a short list of the crimes 
committed by Hitlerite Germany. 

Scientists and pnjfossional people must raise their voices in protest 
against these crimes. Wo Russian scientists are doing everything in our 
power to ensure that our wrathful protests are accompanied by energetic 
action directed towards the rout of Hitlerite Germany. 

Wo appeal to our scientist friends and colleagues in the United States 
and the British Commonwealth of Nations to organise protest meetings 
in all large cities against the atrocities, barbaric destruction, and looting 
of cultural institutions by German invaders. 

The criminals will be made to answer their crimes. Retribution awaits 
them. Lot this meeting of scientists strengthen this decision of liberty- 
loving nations. 

Signed by 

V. Komarov, President, Academy of Sciences, U.S.S.R. 

A. Bogomolets, President, Ukrainian Academy of Sciences. 


Memhevs of Academy of Sciences, U.S.S.R. 


N. Derzhavik, 
A. Tolstoy, 

Y. Parnas, 

A. Baikov, 

N. Zelinsky, 

B. Vedeneyev, 
V. Volgin, 

B. Keller, 

R. WiPPER, 


P. Kapitza, 

N. Semenov, 

S. Vavilov, 

V. Vernadsky, 

G. Krzhizhanovsky, 

A. Palladin, 

B. Obraztzov, 

V. Rodionov, 


I. Vinogradov. 
E. Tarle. 

N. Burdenko. 
D. Mandelstan. 
I. Bardin. 

B. Obruchev. 

P. Stepanov. 

L. Stern. 


Meffibers of Ukrainian Academy of Sciences. 

A. Brodsky. P. Budnikov. 

G, Proskura. 


Member of Belorussian Academy of Sciences. 

A. Zhebrak. 

Director of the Office of Uniflow Boiler Construction. 
L , Ramzin. 


Corresponding Members, Academy of Sciences, U.S.S.R. 

A, Kapusttnsky. 

Prof. V. Durdeneyev, Moscow University, 

On behalf of the Soviet Sd^tists Antifascist Committee. 


The foregoing message from our Soviet colleagues was read to those 
members of the Society who were pr^ent at the Annual Geneorad Meeting. 
They recommend that the following reply should be sent as speedily 
as possible:— 
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, "THE MEMBERS OF THE FARADAY SOCIETY HAVE 
RECEIVED YOIJR TRAGIC MESSAGE WITH HORROR 
AND PROFOUND SYMPATHY. THE vSOClETY WILl. 

DO ITS UTMOST TO BRIN(J IT TO THE NOTICE OF AT.L 
SCIENTISTS AND INTELT.ECTUALS OF THE UNITED 
NATIONS TO THE END THAT CIVILISATION SHALL 
BE PROTECTED AND JUSTICE BE METED OUT TO THi£ 
BARBARIANS. 

(Signed) E. K. Rideal {President), 

G. S. W. Marlow [Secretary). 

This reply has been sent with the authority of the Council. In 
accordance with the wishes of the members present at the Annual General 
Meeting, notice is given with this issue of the Transactions that the message 
and the reply will be considered at the adjourned Annual General Meeting. 
The message is of such importance that it is clearly desirable that notice 
of it should be given prior to the meeting. 

Those present at the Annual General Meeting also desired the Secretary 
to publish the message and the reply in the Transactions, and to transmit 
them widely to scientific and other societies and to the technical and 
general press, and also to bring them to the attention of the Lord President 
of the Council, 

It is hoped that at the Annual General Meeting members who have 
other suggestions for assisting our Russian colleagues will bring them 
forward. 
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